
 
 

 
 

ABSTRACT 

 

OPPENHEIM, SARA JANE. The Genetic Basis of Host Plant Use in a Specialist and a 
Generalist Moth. (Under the direction of Fred L Gould.) 
 

Differences in host plant use between Heliothis subflexa and H. virescens provide a 

compelling example of closely-related species with strikingly divergent ecological 

adaptations. I used a QTL mapping approach to investigate the genetic basis of interspecific 

differences between H. subflexa and H. virescens in use of Physalis angulata, a host of H. 

subflexa but not H. virescens. I introgressed H. subflexa genes into the H. virescens 

background by backcrossing interspecific hybrids to H. virescens, and examined the effects 

of QTL from H. subflexa on use of P. angulata.   Many QTL had different size effects, and 

sometimes even different direction of effects, in males and females. Many QTL differed 

among lineages, but this variation probably reflects a lack of power to detect QTL rather than 

true differences in QTL effects.  Size, significance, and direction of effects of some QTL 

varied among families within a lineage.  The same Hs-like phenotype could be produced by 

introgressing different H. subflexa chromosomes into the H. virescens background.  Sample 

size was increased almost four-fold from 2001 to 2007, and the increase in the number of 

QTL detected almost exactly matched the increase in sample size.  QTL effect sizes were 

small, when measured as percent of backcross variation explained, but were larger when 

considered as the percent of interspecific difference explained. QTL effect sizes were 

consistent across traits. For most traits, individual QTL accounted for 10 to 40 percent of the 

interspecific difference, while backcross variation explained ranged from 0.5 to 6 percent. 

Most of the QTL affected multiple traits, and these effects were usually in the same direction.   

I did experiments on the response to selection within H. virescens for use of P. 

angulata and on mapped QTL in backcrosses of  H. virescens control and selection lines. 

Selection resulted not only in increased survival on Physalis, but also in greater tendency to 

feed, greater larval weight gain, and greater assimilation efficiency on Physalis.  The same 

phenotype could be produced by different QTL.  Many QTL distributed across about half of 

the chromosomes affected the traits measured, and some QTL affected more than one trait.  



 
 

The effects of QTL appeared to act additively or dominantly so that trait values for backcross 

progeny, which had at most one copy of a given selection-line allele, were intermediate 

between in phenotype.  Most QTL explained 5-10 percent of variation among backcross 

progeny, and phenotypes that resembled selection line H. virescens or H. subflexa were 

produced when several selection line QTL were inherited together.   Each QTL explained a 

much greater amount of the difference between control H. virescens and selection line H. 

virescens or H. subflexa because the differences in the means between species and between 

control and selections lines were less than the variation among backcross progeny.  

For assimilation efficiency, the number of chromosomes harboring QTL associated 

with phenotypic variation was remarkable similar within versus between species: I found 11 

chromosomes associated with interspecific differences between H. subflexa and H. virescens, 

and 12 chromosomes associated with intraspecific differences within H. virescens. Some 

QTL had effects in the “wrong” direction: 3 interspecific and 6 intraspecific chromosomes 

had QTL associated with phenotypes that were Hv-like rather than Hs-like.   For proportion 

of larvae feeding on Physalis, the number of chromosomes with QTL was again similar, but 

the pattern of effects was quite different. In the interspecific crosses, most chromosomes that 

harbored QTL had Hs-like effects, but in the intraspecific crosses, half of the chromosomes 

had QTL with Hv-like effects. Selection for adaptation to Physalis in H. virescens may have 

been accompanied by an overall decrease in willingness to feed that is unrelated to the 

particular host plant but reflects a typical specialist phenotype. 
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CHAPTER 1: INTRODUCTION  

Adaptation and Diversification 

The role of ecological adaptation in biological diversification and speciation has been the 

subject of debate since Darwin (1859) first proposed natural selection as the answer to the 

question by which all students of nature have been struck, namely, “Why are there so many 

sorts of organisms in the world, and how did they become so well-adapted?”  Few biologists 

today would deny the primacy of natural selection as a generator of ecological adaptations 

within species (Harvey and Pagel 1991), but the extent to which selection on ecologically 

important traits can facilitate divergence and speciation is unclear.  If, as Dobzhansky has 

suggested, species are “not simply assemblages of organisms that are not interbreeding, but 

are distinct life forms with distinct relations to the environment, making a living in distinct 

ways” (Lewontin 1997), one would expect that the same “ways of making a living” that 

define particular species played a role in their emergence as species.  Widespread consensus 

on this point is lacking, however, primarily because experimental data are scarce.  In 

consequence, debate has been largely theoretical in nature, with some camps (e.g. Coyne 

and Orr 1998) arguing for the primacy of non-adaptive processes such as the evolution of 

reproductive isolation via epistatic effects and others for the primacy of selection (e.g. 

Schluter 1996) as the mechanism underlying biological diversification and speciation. 

Clearly, empirical studies on the potential for ecological sources of natural selection 

to promote speciation are needed.  The notable diversity of herbivorous insects, and the very 

close relationship between many insects and their host plants (Jaenike 1990), suggest that 

insects are subject to strong host related ecological selection pressures.  Such systems are, 

therefore, useful for elucidating the role of ecology in the differentiation and eventual 

speciation of populations. 

One curious ecological trait of herbivorous insects is their numeric predisposition 

toward monophagous or oligophagous feeding habits.  The vast majority of herbivorous 

insects are specialists feeding on plants in three or fewer different families, a small fraction 

of the host plants available to them (Thompson 1994).  A considerable amount of work has 
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been devoted to explaining why this might be (Ehrlich and Raven 1964; Bernays and 

Graham 1988; Dyer 1995), without noticeable agreement being reached.  One assumption, 

that specialization tends to be a derived trait, arising from ancestrally generalized taxa (Mayr 

1942; Futuyma and Moreno 1988), has recently been challenged. While early work on the 

phylogeny of host use (Farrell and Mitter 1993; Kelley and Farrell 1998) supported the 

hypothesis that generalist species serve as the stock from which more specialized species 

evolve, more recent data (Winkler and Mitter 2008) suggest that transitions from specialist to 

generalist are as common as ones from generalist to specialist. 

Yet patterns are not processes, and mechanistic examination of the means by which a 

generalist (or specialist) could “turn into” a specialist (or generalist) has not been carried out.  

Further, the potential for such (unknown) mechanisms to respond to ecological selection 

pressures is unknown.  In large part, this lack stems from the rarity of tractable model 

systems.  Interspecies comparisons aspiring to dissect the evolutionary trajectory from 

ancestral to current character states require, first, reliable phylogenetic data and second, if 

molecular markers are to be employed, hybridizable species. 

These requirements are met in the Heliothis subflexa / H. virescens species pair.  

These species, arising from a shared, generalist ancestor, are now widely divergent in host 

plant use, yet remain extremely similar in morphology.  Heliothis virescens is a major 

agricultural pest and has been the subject of much research; Heliothis subflexa is not a pest in 

North America but is closely related to H. virescens, with which it has 99% sequence 

similarity in the genes for which comparisons have been made (Cho et al. 1995; Fang et al. 

1995; Fang et al. 1997). In the laboratory, H. virescens and H. subflexa will hybridize, 

producing fertile F1 females and sterile F1 males (male fertility is restored after several 

backcross generations) (Karpenko and Proshold 1977).  

Despite the similarity between them, H. virescens and H. subflexa differ greatly in 

host range. Heliothis virescens has a very broad host range, feeding on at least 37 species in 

14 plant families, including Nicotiana tabacum (tobacco), Gossypium hirsutum (cotton), 

Glycine max (soybean) and other crops (Sheck and Gould 1993a), whereas H. subflexa is 

narrowly specialized on the genus Physalis (Laster et al. 1982). These two species are 
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thought to have evolved quite recently from a shared, generalist ancestor (Mitter et al. 1993; 

Poole et al. 1993; Fang et al. 1997; Cho et al. 2008).  

In research associated with my Master’s degree, I showed that differences in larval 

behavior play a major role in how ecologically “useful” a plant is for a herbivore.  

Specifically, I found that H. subflexa’s performance on its host plant, Physalis angulata, 

depends on both behavioral and physiological traits, and that H. subflexa’s behavioral 

adaptations to P. angulata allow it to escape from natural enemies.  In H. virescens these 

behaviors are carried out inefficiently, resulting in comparatively high rates of mortality.   

For my Ph. D., I wanted to further investigate the evolution of host range in H. 

subflexa and H. virescens. In particular, I was interested in the genetic basis of adaptation to 

P. angulata, and hoped to determine the genetic basis of host use in H. subflexa and H. 

virescens.  I planned to test the following hypotheses: 

 Present-day H. virescens exhibit geographical and population-level variation in 

behavioral (host acceptance and mode of feeding) and physiological (ingestion and 

growth) performance on Physalis.   

 Selection on H. virescens for the ability to use Physalis results in populations that are 

phenotypically H. subflexa-like.   

 Behavioral and physiological aspects of performance on Physalis are controlled by 

identical or linked loci in H. virescens.   

 The genetic basis of H. subflexa-like phenotypes in H. virescens is identical to the 

genetic basis of such traits in H. subflexa. 

 Natural selection for performance on Physalis by H. virescens in the field results in 

genetic changes identical to those obtained under artificial selection.   

As my research progressed, it became clear that not all of these questions could be addressed 

over the course of my Ph. D. Here, I will briefly summarize the progress I made toward 

testing the five hypotheses listed above (all results are discussed more thoroughly in Chapters 3

 and 4): 
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Present-day H. virescens exhibit variation performance on Physalis   

I collected H. virescens from seven different locations in five states. Originally I planned to 

maintain each geographic population separately so that I could assay a large enough set of 

larvae to estimate larval performance parameters in each geographic population. These 

geographic populations, however, served as the starting material for the selection experiment 

described below, and the selection regime was lethal for most of the insects. Thus, I was 

unable to test whether performance on Physalis exhibits geographic variation such as has 

been found for H. virescens’ resistance to insecticides.  

 

Selection on H. virescens for Physalis use can lead to H. subflexa-like phenotypes  

There was variation in performance on Physalis among the field-collected H. virescens. After 

just six generations of selection, I had several selection lines that were phenotypically H. 

subflexa-like in all the traits I measured. By this sixth generation, the selection lines were 

essentially panmictic in regard to geography, so I cannot say whether the genetic variation 

that allowed such a rapid response to selection reflects 1) a few geographic populations in 

which alleles for H. subflexa-like performance on Physalis occur at high frequencies; or 2) 

the presence of standing variation in all H. virescens for the occurrence of alleles associated 

with performance on Physalis.  

 

Behavioral and physiological aspects of Physalis use are controlled by the same (or 

closely-linked) loci in H. virescens 

To address this question, I intended to conduct parallel selection on H. virescens for 1) 

physiological traits (ability to feed and grow on Physalis) and 2) behavioral traits (larval 

behavior and female oviposition preference) and then test for correlated responses after many 

generations of selection. In practice, the level of mortality in the physiological selection 

assays was so high—particularly in the earliest generations of selection—that I ended up 

merging all available insects into a common selection regime. In examining the response to 

selection however, it was clear that physiological traits had responded much more strongly 
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than behavioral traits: female oviposition preference, for example, did not respond at all to 

selection and had very low heritability.  

This lack of response in behavioral traits might arise from two different situations. 

First, if behavioral and physiological aspects of Physalis use are controlled by different loci, 

then the lack of response simply reflects that selection for survival was much more intense 

than selection for behavioral changes. Alternatively, if behavioral traits associated with 

Physalis use are inherently less variable and / or less heritable than physiological traits, then 

even strong selection might not elicit a response. Other researchers have found that 

behavioral and physiological adaptations are under separate genetic control: Hawthorne 

(Hawthorne 1999), working with leafminer larvae, found that larvae adapted to plants with 

apically noxious but basally benign foliage by increasing mean physiological tolerance at all 

leaf sites.  In contrast, feeding site preference did not change.  In a different venue, 

Stachowicz and Hay (Stachowicz and Hay 1999), working with aquatic decorator 

crabs, found that while “bite size” (juvenile) crabs moderated physiological intake to devote 

more time to decorating behavior in the presence of predators, larger crabs showed no 

response in either variable.  Such demonstrations of the adaptive value of separate control of 

life history traits argue, at least, for the suboptimality of shared control of behavioral and 

physiological host use traits. 

 

The genetic basis of H. subflexa-like phenotypes in H. virescens is identical to the genetic 

basis of such traits in H. subflexa 

To test this hypothesis, I used a quantitative trait locus (QTL) mapping approach to examine, 

first, the genetic basis of differences in Physalis use between H. subflexa and H. virescens, 

and, second, the genetic basis of such variation within H. virescens.  The design of my initial 

QTL experiments reflected my optimism that the genetic basis of variation in performance on 

Physalis would be easy to find. Such expectations were consistent with the QTL results that 

existed at the time (circa 2001-2003), for example Frary and colleagues (Frary et al. 2000), 

who found that a single gene was responsible for a quantitative trait locus (QTL) associated 

with 30 percent change in tomato fruit weight and Peichel and colleagues (Peichel et al. 
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2001), who found a single QTL responsible for 25 percent of the variation in stickleback 

pelvic spine length (see Mackay (2001) and Flint and Mott (2001) for a 

thorough review of early QTL mapping studies).  

Unfortunately, such optimism turned out to be misplaced. The results of my initial 

QTL experiments, with sample sizes if 100-200 individuals, were inconclusive, in spite of 

very intense efforts to make sense of the data. I tried changing from a slab gel system to a 

capillary system, but still had confusing results. In addition, the shift in instrumentation 

required redoing much of the already completed work, further delaying the final realization 

that my study was underpowered. Over the last decade, similar realizations have occurred in 

many labs, and the high hopes that accompanied early QTL studies have given way to the 

realization that a full understanding of the genetic basis of a single quantitative trait may 

require very large sample sizes and the identification of tens to hundreds of different QTL 

(Flint and Mackay 2009). 

I therefore repeated some of my experiments with a much larger mapping population, 

eventually phenotyping and genotyping almost 2,000 insects in attempt to understand the 

genetic basis of interspecific variation in Physalis use. As described in Chapters 3 and 4, the 

results from this larger data set were much more satisfying (though still different from what I 

expected).  

 

Natural selection for performance on Physalis by H. virescens in the field results in 

genetic changes identical to those obtained under artificial selection   

Sadly, this was another experiment I did not have time to do. Because I knew from my 

Master’s work that escape from natural enemies is an important benefit of Physalis use for H. 

subflexa, I was curious whether a response to selection in the field might depend on different 

traits than those selected for in the lab. In my laboratory selection, for example, the ability of 

larvae to feed and grow on Physalis was the strongest selection pressure; in the field, 

behavior might be the most critical trait, because failure to use the calyx of Physalis as a 

refuge could be fatal, while inefficient feeding and growth might simply result in longer 

development times. Further, because host plant use involves many traits (e.g., finding and 
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laying eggs on the plant and feeding and developing to adulthood on it), it is likely that my 

selection regime overlooked some important selective pressures.   

 

Significance of Research  

To my knowledge, this study represents the largest effort yet undertaken to determine the 

genetic basis of an ecologically relevant trait in a non-model animal, and is perhaps the first 

attempt to understand the genetic changes involved in the evolution of a specialist herbivore 

from a generalist ancestor.  A much-discussed topic amongst workers in the field of 

invertebrate evolution is the role of ecological adaptation in the process of biological 

diversification and speciation.  Although the intuitive assumption is that when closely related 

species differ in adaptive traits, these traits probably contributed to their divergence, the 

caveat of Jackson (1988) is worth noting: “Because we do not understand how species arise, 

we cannot say whether ecological [i.e., adaptation] processes help to mold their character and 

origin, or merely sort the species afterwards like so many randomly generated genes.”   

In these experiments we have studied the genetic basis of differences in host use at 

both the inter- and intraspecific level. To examine differences between H. virescens and H. 

subflexa we introgressed genes from H. subflexa into the background of H. virescens. To 

examine intraspecific differences, we first used artificial selection to create a line of 

phenotypically H. subflexa-like H. virescens, then introgressed genes from the selection line 

into the background of control line H. virescens.  Although we do not yet have genomic tools 

equal to the task of answering whether the same QTL are responsible for Physalis use by H. 

virescens and H. subflexa, our current examination of the genetic architecture of Physalis use 

by H. virescens represents a first step toward that goal.   
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CHAPTER 2: LITERATURE REVIEW  

Introduction 

The genetic basis of complex, ecologically relevant traits is not well known for any 

organism, despite enormous interest in understanding how such traits evolve. The question is 

particularly compelling where closely-related species have diverged radically in their 

adaptation to the environment. Differences in host plant use among moths and butterflies 

often provide such cases: although close relatives tend to use similar hosts, there are many 

examples of congeneric species that differ widely in host range. In several systems, work is 

underway to identify the genetic changes that underlie shifts in host use. While such changes 

may or may not contribute to the well-documented speciosity of phytophagous insects, 

understanding the genetic architecture of host range is fundamental to understanding the 

evolution of Lepidoptera. Improved understanding of the genetics of host range is crucial for 

applied reasons as well: both the safe practice of biological control and the breeding of plants 

with persistent resistance to pests demand greater understanding of the genetics of host range. 

Understanding the evolution of host range in Lepidoptera will require knowledge of its 

genetic architecture, i.e. which genes are involved, how these genes interact, and how much 

change in each gene is needed for a change in host range.  

Host range in phytophagous insects involves not one, but many traits. To use a plant, 

an insect must find and lay eggs on it and feed and develop to adulthood on it. Thus host 

range is multifactorial, and the competing demands of each phase of host use must be 

integrated. (Although the term “host range” is used in several ways in the literature, we mean 

the list of host plant species on which an herbivore species will oviposit and on which its 

larvae have some chance of completing development.) Host range is dynamic because use of 

a given host depends on both external factors (e.g., local host availability, competition) and 

internal factors (e.g., female egg load, age, previous experience). As a result, a clear 

understanding of the genetic differences responsible for differences in host range is difficult 

to obtain because not only is host range a moving target but many genes may be involved in 

the numerous processes that determine host range. 
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The plant species on which larvae may feed are restricted by where their mothers lay 

eggs. Most neonate larvae can only travel a few meters in search of food before they starve, 

although ballooning neonates can travel greater distances. Even late instars have an ambit 

measured in meters to tens of meters, compared to the hundreds to tens of thousands of 

meters that lepidopteran adults can travel, either under their own power or carried by the 

wind. Thus adult females have a much greater opportunity than their progeny to choose 

suitable host plant species. Whether larvae themselves will have the opportunity to become 

adults and search for host plants for their progeny depends on larval feeding and performance 

on the host plant where they find themselves. As a result, host range involves genes 

underlying adult chemoreception and interneuronal processing which lead to oviposition on 

one hand, and larval chemoreception, digestion, and nutritional metabolism which determine 

larval feeding, growth, and survival on the other. 

Large numbers of chromosomes and sex-limited recombination make Lepidoptera 

attractive models for investigations into the genetic basis of host range, as well as other 

complex traits. In Lepidoptera, within-chromosome recombination is restricted to males, so 

maternal-origin chromosomes are inherited intact (Suomalainen 1969 and references 

therein; Marec 1996). Genetic linkage mapping is simplified because maternal-origin 

“linkage groups” are actually chromosomes, and any putative recombination can be 

attributed to scoring error (in systems where recombination occurs, disentangling scoring 

error from true recombination can be a major challenge). The majority of Lepidoptera have 

between 28 and 32 small chromosomes of relatively uniform size (Suomalainen 1969; 

Robinson 1971), although chromosome numbers across Lepidoptera range from n=5 to 

n=223 (White 1973; De Prins and Saitoh 2003). Whereas numerous small chromosomes 

make them difficult to distinguish cytologically, it also means that each chromosome 

comprises a relatively small fraction of the genome. If the distribution of chromosome sizes 

and the total number of genes in most Lepidoptera resemble estimates for the silkworm, 

Bombyx mori (Xia et al. 2004; Yoshido et al. 2005a), each chromosome will contain 2-5% 

of the genome or about 300 to 1000 genes. This means that resolution to chromosome in 

Lepidoptera is at least as precise as in many systems having within-chromosome 
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recombination. Finer-scale resolution can be achieved using a biphasic approach whereby 

one maps first to chromosome with female-informative markers and then within chromosome 

with male-informative markers (Heckel et al. 1999). This allows one to concentrate on 

chromosome(s) carrying genes of interest, a major advantage for fine-scale mapping and 

map-based (positional) cloning.   

Over 5000 papers and books had been published on plant-insect interactions by 2002 

(Scriber 2002) and the numbers continue to increase rapidly. Current knowledge on the 

evolutionary biology of herbivore-plant interactions has been recently and thoroughly 

reviewed, including phylogeny, biochemistry, behavior, and evolution (Tilmon 2008). 

Despite the volume of interesting research and the advantages of lepidopteran genetics 

discussed above, we do not know the detailed genetic architecture of host range for any 

species of moth or butterfly. In this chapter, we review what is known about the genetics of 

host range in Lepidoptera, discuss the biology of host range and its implications for genetic 

architecture, and suggest promising lines of research. Although we cover most thoroughly the 

system on which we work and thus know best - the generalist Heliothis virescens and the 

closely related specialist Heliothis subflexa (Noctuidae) - we treat several other systems in 

depth as well. Many themes and questions that permeate the literature will become apparent 

in this review: adult oviposition preference versus larval performance; trade-offs in 

performance among host species; the pace of host range evolution; many versus few genes; 

genes on autosomes versus sex chromosomes; differences in the basis of interspecific versus 

intraspecific variation; expansion or contraction in host range versus shifts in host range; 

directionality of evolution from generalist to specialist or vice versa; and the role of host 

shifts in speciation.  

 

The Genetics of Host Specificity 

In this section, we summarize by genus the current evidence concerning the genetics of host 

range. There are various types of evidence: (1) phylogenetic patterns; (2) population and 

strain comparisons, especially in common-garden experiments; (3) responses to artificial and 

natural selection; (4) crosses between host races and species; (5) resemblance of relatives 
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(parent-offspring regression, full-sib families, half-sib families); (6) marker-based mapping 

of quantitative trait loci; (7) differences in sequence and expression of proteins involved in 

chemoreception, detoxification, and assimilation of plant chemicals. Two additional types of 

evidence will soon become available: (8) map-based (positional) cloning of genes; and (9) 

silencing of candidate genes. 

 

Heliothis 

The Heliothis virescens complex comprises at least 13 closely related species in North and 

South America that vary in host specificity and geographic range (Mitter et al. 1993). Among 

the members of this complex, two are of particular interest: H. virescens and H. subflexa. 

Heliothis virescens is a major agricultural pest and has been the subject of much research 

(over 1300 papers in refereed journals alone). Heliothis subflexa is not a pest but is closely 

related to H. virescens, with which it has 99% sequence similarity in the genes for which 

comparisons have been made (Cho et al. 1995; Fang et al. 1997). Their geographical ranges 

overlap broadly (Mitter et al. 1993), and the two species are morphologically so similar that 

H. subflexa was only conclusively identified as a separate species in 1941 (McElvare 1941). 

In the laboratory, H. virescens and H. subflexa can be hybridized, producing fertile F1 

females and sterile F1 males (male fertility is restored after several backcross generations) 

(Karpenko and Proshold 1977). These two species are thought to have evolved quite recently 

from a shared, generalist ancestor (Mitter et al. 1993; Poole et al. 1993; Fang et al. 1997). 

Despite the similarity between them, they differ greatly in host range. Heliothis virescens has 

a very broad host range, feeding on at least 37 species in 14 plant families, including 

Nicotiana tabacum (tobacco), Gossypium hirsutum (cotton), Glycine max (soybean) and other 

crops (Sheck and Gould 1993), whereas H. subflexa is narrowly specialized on the genus 

Physalis (e.g., ground cherry P. pruinosa; (Laster et al. 1982). Interestingly, H. virescens is 

not known to feed on Physalis species in the field. Thus, the H. virescens/H. subflexa pair is 

an excellent model for studying the evolution of  genetic differences responsible for 

divergence in host range, because genetic differentiation is likely to be concentrated in loci 

involved in host use (Sheck and Gould 1993) and mate recognition (Groot et al. 2004).   
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Several studies have examined the genetic basis of host range in H. virescens and H. 

subflexa. Sheck and Gould (1993) analyzed larval performance on four plant species by 

exposing H. virescens, H. subflexa, their F1 hybrids, and a backcross to H. subflexa to cotton, 

soybean, tobacco (hosts of H. virescens), and Physalis pubescens (a host of H. subflexa). 

Each species survived and gained weight well on its own host(s) and poorly on non-hosts. 

Hybrid F1 larvae survived well on all host plants, but had intermediate weight gain on all four 

plant species. In the backcross to H. subflexa, larval survival was lower on cotton, soybean 

and tobacco than on P. pubescens, and larval weight gain was lower on cotton and tobacco 

than on soybean and P. pubescens. Analysis of the results from the four types of cross 

(within each species, F1, and backcross), indicated that genes from H. virescens were 

partially dominant for larval survival and weight gain on cotton and tobacco, but additive for 

both traits on soybean. Genes from H. subflexa were overdominant for survival and dominant 

for weight gain on P. pubescens, so that backcross larvae survived better and gained weight 

as well as H. subflexa. However, epistatic or gene-environment interactions also appeared to 

be involved because additive and dominance effects alone did not explain the results. In a 

subsequent experiment, repeated backcrosses to H. subflexa with selection for larval 

performance on soybean were used to examine the genetic architecture for use of several 

plant species (Sheck and Gould 1996). After several generations of selection, larval 

preference and performance were tested on cotton, soybean, tobacco, and P. pubescens. 

Although performance on soybean had improved, no correlated changes occurred in 

performance on cotton, tobacco, or P. pubescens, indicating performance on these plants had 

an independent genetic basis. Interestingly, larval preference for soybean, though not selected 

on, had also increased, implying a common genetic basis for larval preference for and 

performance on soybean. Larval performance on P. pubescens did not differ from that of H. 

subflexa, showing that introgession of genes for using soybean into the H. subflexa 

background did not involve tradeoffs in ability to use P. pubescens. 

Sheck and Gould (1995) also examined oviposition behavior of H. virescens, H. 

subflexa, and their reciprocal F1 hybrids. Adult females were exposed to cotton, soybean, 

tobacco and Physalis angulata (a favored host of H. subflexa) in laboratory assays. Heliothis 
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virescens females oviposited mostly on tobacco and rarely on the other plant species; H. 

subflexa females oviposited mostly on P. angulata, but also oviposited occasionally on non-

hosts; F1 females from crosses in both directions oviposited preferentially on tobacco, 

indicating dominance of genes from H. virescens. Inheritance appeared to be autosomal with 

no indication of sex-linkage for genes affecting oviposition preference, larval performance, 

or larval preference (Sheck and Gould 1993, 1995).   

In recent experiments with interspecific hybrids (unpublished collaborations between 

the authors and F. Gould), we have further explored the genetic basis of host range in H. 

virescens and H. subflexa. In laboratory experiments, we introgressed genes from each 

species into the background of the other species by backcrossing and assaying their 

backcross progeny on either cotton or P. angulata. Using AFLP markers and polymorphisms 

in published gene sequences, we made linkage maps covering the 31 chromosomes of H. 

virescens and H. subflexa (for chromosome numbers, see Chen and Graves 1970; Sheck et al. 

2006) and used quantitative trait locus (QTL) analysis to determine the genetic architecture 

of variation in larval performance. In the experiments on cotton, we did five generations of 

backcrosses. For generations 1-4, hybrid females were mated with H. subflexa males; these 

crosses generated female-informative markers that allowed us to identify introgressed 

chromosomes contributing to phenotypic variation. In generation five, hybrid males were 

backcrossed to H. subflexa females, giving us male-informative markers for within-

chromosome mapping. In a preliminary analysis of first-generation backcross larvae, 

stepwise regression of larval feeding versus the presence/absence of H. virescens-origin 

chromosomes identified six chromosomes which together explained 39% of the variation in 

larval feeding on cotton (unpublished data). Four H. virescens chromosomes increased the 

amount of cotton consumed, and larvae with all four chromosomes had phenotypes 

indistinguishable from H. virescens. These chromosomes had additive effects with no 

interaction among chromosomes. Two of the introgressed H. virescens chromosomes had an 

unexpected effect: their presence reduced, rather than increased, the amount of cotton eaten 

by backcross larvae. Perhaps these chromosomes carry genes for feeding on host plants other 

than cotton that interact epistatically with those for feeding on cotton. Because backcross 
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larvae were either homozygous for H. subflexa alleles or heterozygous for H. subflexa and H. 

virescens alleles, the introgressed genes from H. virescens were at least additive and perhaps 

dominant. One of the sex chromosomes was among those that increased feeding on cotton, 

although its impact was no greater than that of autosomes. In backcrosses (BC) of hybrid 

females (WvZs) to H. subflexa males (ZsZs), all female progeny had their Z chromosome from 

H. subflexa and their W chromosome from H. virescens, but all male progeny had both sex 

chromosomes from H. subflexa. This means either that there were genes on the Wv 

chromosome which increased feeding on cotton, which seems unlikely given the paucity of 

expressed genes on the W chromosome or there was an overall difference in feeding between 

the sexes. Although we have not yet mapped QTL in BC5 larvae, the frequency of BC5 larvae 

with H. virescens-like phenotypes indicates that a few genes explain much of the variance in 

feeding on cotton. Recent theory and evidence suggest that finding few QTL that explain 

most of the variation in quantitative traits is not surprising (Orr 2001, 2005); (Remington et 

al. 2001).    

To investigate the genetics of larval performance on P. angulata, we introgressed H. 

subflexa genes into the H. virescens background by backcrossing hybrids to H. virescens. 

When fed on the fruits of P. angulata, the assimilation efficiency (larval weight gain per 

gram of fruit consumed) of H. subflexa is thirty times greater than that of H. virescens, 

although H. virescens larvae feed readily on P. angulata. The phenotypes of backcross larvae 

ranged from H. subflexa-like to H. virescens-like. Five introgressed chromosomes affected 

the performance of backcross larvae on P. angulata, together explaining 45% of the variation 

in assimilation efficiency. Similar to the cotton results, three chromosomes increased 

assimilation efficiency, while two decreased assimilation efficiency. The presence of the 

three chromosomes that increased assimilation efficiency gave phenotypes equal to those of 

H. subflexa (unpublished data).   

Much effort has been directed towards understanding how H. virescens detects and 

selects host plants and mates. Twenty-one genes coding for olfactory receptor proteins, each 

from a different group of olfactory neurons, have been sequenced in H. virescens (Krieger et 

al. 2002, Krieger et al. 2004). Antennal lobe structure and patterns of innervation suggest that 
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there at least 30-60 types of olfactory neurons and thus olfactory receptor proteins 

(Mustaparta 2002); (Rostelien et al. 2005). Furthermore, 16 types of olfactory neurons have 

been identified based on their electrophysiological response to plant odors and all are finely 

tuned to specific plant odors (Rostelien et al. 2005). These receptor genes may provide 

candidates for explaining differences in host specificity between these two species. 

 

Helicoverpa 

Like Heliothis, the genus Helicoverpa includes species with broad host ranges such as H. 

armigera, recorded from over 150 host plant species in many families (Zalucki et al. 1994), 

and H. zea, recorded from at least 34 species of plants in 11 families (Sudbrink and Grant 

1995), as well as species with narrow host ranges like H. assulta, recorded only from certain 

species in the Solanaceae (Fitt 1989). Laboratory experiments have been used to examine 

population variation and heritability of oviposition preference and larval performance in 

these species. Populations of H. armigera from various regions of Australia did not differ in 

ranking of plant species (maize, sorghum, tobacco, cotton, cowpea, lucerne) for oviposition, 

but females within populations did show heritable variation (parent-offspring regression) in 

ranking of these plants (Jallow and Zalucki 1996). Besides showing genetic variation in 

oviposition among plant species, female H. armigera also appear to learn: females oviposit 

preferentially on plant species previously experienced (Cunningham et al. 1998). In another 

laboratory study on Australian H. armigera, a full-sib parent-offspring regression showed 

high heritability (60%) for oviposition on Sonchus oleraceus (Asteraceae), a preferred host 

plant from the indigenous geographical range of H. armigera (Gu and Walter 1999), versus 

Gossypium hirsutum (Malvaceae), a less preferred host plant (Gu et al. 2001). Although H. 

armigera larvae survived better and gained more weight on S. oleraceus than on G. hirsutum, 

larval performance was not genetically correlated with oviposition preference (Gu et al. 

2001). In a full-sib/half-sib experiment on Australian H. armigera, larvae gained more 

weight (73% for neonates and 23% for 3rd instars) but did not differ in survival on resistant 

versus susceptible Cicer arietinum (chickpea) (Cotter and Edwards 2006). Heritability was 
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high for larval weight gain on both resistant and susceptible varieties, but heritability was 

zero for oviposition, and females did not distinguish between varieties in oviposition.   

In laboratory experiments, populations of Helicoverpa zea from different regions of 

North America (where the moth is indigenous) differed in ranking of plant species and 

varieties (hairy vs glabrous soybean and cotton) for oviposition, and within the one 

population tested oviposition preference was heritable (although with large variance) (Ward 

et al. 1993).  

In the most interesting experiment concerning the genetics of host range in 

Helicoverpa, interspecific crosses (F1, F2, and backcrosses) of the generalist H. armigera and 

specialist H. assulta indicated that at least one major autosomal gene was involved in larval 

feeding on cotton and that H. armigera alleles were partially dominant to H. assulta alleles 

(Tang et al. 2006).  

 

Papilio 

The genus Papilio broadly construed comprises about 205 species (which may, in fact, 

represent as many as six genera) whose ancestors appear to have fed on species in the 

Rutaceae;  80% of species still feed on plants in this family (Zakharov et al. 2004). However, 

several clades have diverged from Rutaceae use, including the glaucus complex [Papilio 

(Pterourus) glaucus, P. canadensis and related species] which attack species in at least eight 

plant families (Bossart and Scriber 1995b), and the machaon complex (Papilio machaon, P. 

zelicaon, P. oregonius and related species) which attack species in Apiaceae (Umbelliferae) 

and Asteraceae (Sperling and Harrison 1994).   

Papilio zelicaon is reported from over 60 species of Apiaceae and Rutaceae (Wehling 

and Thompson 1997), but P. oregonius is reported only from a single species (Artemisia 

dracunculus) of Asteraceae (Thompson 1988). In laboratory experiments with P. zelicaon, P. 

oregonius, and their reciprocal interspecific F1 hybrids, females of each species showed 

strong oviposition preference for the appropriate field hosts, but their hybrids showed 

preferences similar to that of their paternal source, indicating a major locus or loci on the Z 

sex chromosome, although genes on autosomes modified preferences (Thompson 1988). 
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Larval survival of each species was high on the appropriate plant, but survival of hybrid 

larvae was intermediate on both host plants, indicating autosomal inheritance of genes with 

additive effects (Thompson et al. 1990). On the other hand, hybrid pupal mass and, to a lesser 

extent, development time were closer to the maternal source, indicating maternal effects, but 

not sex linkage (Thompson et al. 1990).    

In laboratory analyses of oviposition preference hierarchies among five machaon-

complex species for five species of Apiaceae and Asteraceae, the butterflies showed a range 

of preference hierarchies from narrow to broad (Thompson 1998). One pair of sister species 

(P. machaon/P. oregonius) differed strongly in ranking of plant species, with P. machaon 

laying eggs on most species and P. oregonius laying only on a plant barely used by P. 

machaon, while another pair of sister species (P. polyxenes/P. zelicaon) closely resembled 

one another in ranking of plant species (Thompson 1998). Populations within P. machaon, 

and to a lesser extent within P. polyxenes and P. zelicaon, differed somewhat in preference 

hierarchies, and these differences may provide the raw material for host range shifts 

(Thompson 1998). For example, a few females in some populations of P. machaon laid a few 

eggs on A. dracunculus, the only known host of P. oregonius. The shift by P. oregonius to 

ovipositing on this plant may have been easy because oviposition preference in P. oregonius 

appears to be sex-linked and may involve few loci (Thompson 1988, 1998). However, this 

does not explain why the shift to A. dracunculus by P. oregonius led to dropping other plants 

from its host range. Although there was a shift towards local plants in populations of P. 

zelicaon, butterflies did not strongly prefer local plants, despite genetic variation in 

preference within these populations, as determined by differences among full-sib families 

(Thompson 1993); (Wehling and Thompson 1997). This lack of strong preference for local 

hosts may result from co-adapted gene complexes involved in preference for certain plants, 

from gene flow among populations preventing a response to selection, or from a lack of 

strong selection for adaptation to local hosts (Thompson 1993; Wehling and Thompson 

1997).   

Bossart (Bossart 1998, 2003) and Bossart and Scriber (Bossart and Scriber 1995b, 

Bossart and Scriber 1995a, Bossart and Scriber 1999) conducted a series of laboratory 
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experiments on differences in oviposition preference and larval performance on three tree 

species (Liriodendron tulipifera, Magnolia virginiana, and Prunus serotina) among 

geographical populations of P. glaucus with different field exposures to these plants. Females 

from Florida, where M. virginiana is common and L. tulipifera rare, oviposited more on M. 

virginiana than females from regions where L. tulipifera was common and M. virginiana rare 

(Georgia) or absent (Ohio) (Bossart and Scriber 1995a). However, like P. zelicaon in 

California (Thompson 1993), Florida P. glaucus did not strongly prefer to oviposit on the 

local host. The Ohio population showed very high heritability (0.81) in oviposition 

preference between L. tulipifera and M. virginiana, with some families ovipositing on both 

trees and some on L. tulipifera only (Bossart and Scriber 1999). Larvae from Florida and 

Georgia performed better on M. virginiana (as measured by development time and pupal 

mass) than larvae from Ohio, indicating adaptation to a locally available host, although 

larvae from all three regions still did best on L. tulipifera (Bossart and Scriber 1995a; Bossart 

2003). These geographical populations did not differ in allozyme frequency, which suggests 

that gene flow between them is counteracted by local selection to maintain differences in 

oviposition preference and larval performance (Bossart and Scriber 1995a). Comparison of 

larval performance among full-sib families showed no heritability for larval performance on 

M. virginiana for the Florida population, but significant heritability for performance on this 

host for the other two populations, as well as for performance on P. serotina for all three 

populations (Bossart 1998). Performance on the three hosts was either genetically 

uncorrelated or positively correlated, indicating no trade-offs in host plant suitability (Bossart 

1998). In the locally polyphagous Ohio population, larvae from mothers that oviposited 

preferentially on L. tulipifera did better than larvae from mothers that oviposited 

preferentially on M. virginiana, regardless of the host plant on which they were reared, 

revealing a negative correlation between preference versus performance on M. virginiana 

(Bossart 2003). This may not be surprising given that the Ohio population is not exposed to 

M. virginiana so selection for a preference-performance correlation is lacking. In the locally 

monophagous Florida population, oviposition preference showed no correlation with three of 

the four measures of larval performance and a negative correlation with the fourth measure 
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(Bossart 2003), which suggests that selection may have shifted both oviposition preference 

and larval performance (Bossart and Scriber 1995a), but not enough to have resulted in a 

positive relationship. Although the preference-performance relationship appears to have a 

genetic basis, it is not the relationship expected from optimal oviposition theory, perhaps 

because of constraints arising from co-adaptation, pleiotropy, or epistasis among genes 

controlling both preference and performance (Bossart 2003).    

Differences in regulation and activity of cytochrome P450 monooxygenases have 

been implicated in differences in host use among Lepidoptera in general and papilionids in 

particular (for review see (Berenbaum and Feeny 2008)). Papilio polyxenes specializes on 

species of Apiaceae and Rutaceae with high levels of specific furanocumarins (xanthotoxin 

and angelicin) and has high activity of P450s specific for these allomones that are not very 

effective at metabolizing others; P. glaucus and P. canadensis have broader host ranges and 

have P450s that metabolize a variety of allomones with less efficiency but are highly 

inducible (Li et al. 2001). Differences in P450 regulation and activity between P. glaucus and 

P. canadensis may play a role in the differences in their host ranges (Li et al. 2003). 

 

Euphydryas 

The genus Euphydryas (Nymphalidae) in the broad sense comprises 14 species 

(Zimmermann et al. 2000). Their larvae feed on plant species in five families that produce 

iridoids, and Neartic Euphydryas specialize on plants of the families Scrophulariaceae and 

Plantaginaceae that have iridoid glycosides which the butterflies sequester (Zimmermann et 

al. 2000 and references therein). These butterflies disperse little and show interpopulation 

variation in host plant use. These attributes, as well as oviposition behavior that can be 

manipulated and measured in the field, led to a series of studies on the genetics and evolution 

of host use, particularly in E. editha. Several rapid shifts in plant species by various 

populations of E. editha have been documented (for review see (Singer et al. 2008)). One 

population shifted from most females ovipositing on a native plant, Collinsia parviflora 

(Scrophulariaceae), to most females ovipositing on an introduced plant, Plantago lanceolata 

(Plantagenaceae). This shift occurred quite rapidly, going from 5% to 53% of females 
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showing post-alightment preference for the exotic plant in 8 generations (Singer et al. 1993). 

Early in the shift (1983-1984), post-alightment oviposition preference measured in the field 

and laboratory showed a heritability of 0.90, based on mother-daughter regression, although 

this may be an overestimate if there were maternal effects (Singer et al. 1988). Apparently 

larvae were preadapted to doing well on the exotic species so no genetic changes were 

required in larval performance (Thomas et al. 1987). Indeed, larvae did much better on the 

exotic host than on C. parviflora because the exotic host matched butterfly phenology better 

(Singer 1984). By 1985, there was an interaction between oviposition preference and host 

plant which explained 32% of variation in larval performance (measured as weight gain) with 

larvae doing better on the host plant their mothers preferred for oviposition (Singer et al. 

1988). Better larval performance on the exotic and high heritability of oviposition preference, 

together with the weaker correlation between preference and performance, explain why this 

shift was so rapid (Singer et al. 2008). Another population of E. editha shifted from most 

females preferring to oviposit on one native plant, Pedicularis semibarbata 

(Scrophulariaceae), reduced in abundance by logging, to most females preferring to oviposit 

on a different native plant, Collinsia torreyi (Scrophulariaceae), increased in suitability by 

logging (Singer et al. 1993). As with the shift to an exotic, the change was in post-alightment 

preference and occurred rapidly, in 12 generations for this population (Singer and Thomas 

1996). However, these preferences differed between patch types (rocky outcrops with P. 

semibarbata versus logged areas with C. torreyi) with females ovipositing preferentially on 

the plant most abundant and suitable in their patch type (Singer and Thomas 1996). 

Interestingly, the oviposition frequencies switched back to the starting point when succession 

occurred in the logged patches and C. torreyi ceased being so suitable. Two conclusions 

about genetic architecture of host range in E. editha can be drawn from the rapidity of 

evolution in these populations. First, selection was strong, and second, there was either 

substantial genetic variation in the starting populations, or mutations readily supplied such 

variation; if the latter were the case, it suggests few genes with simple interactions were 

involved.  
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Other systems 

In laboratory experiments with full-sib families, larvae of Depressaria patinacella 

(Oecophoridae) showed genetic variation in survival on diets with fruits from their original 

host, Pastinaca sativa (Apiaceae), and those of a novel host, Heracleum lanatum (Apiaceae) 

(Berenbaum and Zangerl 1991), as well as in metabolism of parsnip furanocoumarins at 

various concentrations (Berenbaum and Zangerl 1992). However, larvae showed no genetic 

variation in feeding preference, indicating that adaptation to plant allomones was 

physiological rather than behavioral (Berenbaum and Zangerl 1991,1992).   

In laboratory experiments on rice and corn strains of Spodoptera frugiperda 

(Noctuidae), larvae of both strains performed best on rice, with the rice strain performing 

poorly on corn but the corn strain performing well on both hosts (Prowell et al. 2004). 

Analysis of genotype by environment interactions of full-sib families within strains showed 

variation that would promote host-associated divergence (Pashley 1988).   

Larch and pine host races of Zeiraphera diniana (Tortricidae) mate assortatively 

(Emelianov et al. 2003). Genome wide variation in hybridization between these host races 

suggests selection for host use in small regions of the Z. diniana genome, implying that a 

limited number of genes are involved in using alternative hosts (Emelianov, Marec, and 

Mallet 2004). The two host races differed in oviposition on larch versus pine but gave the 

same electroanntennogram response to their odors; however, the plants differed in the 

numbers and concentrations of stimuli that elicited responses (Syed et al. 2003). Thus both 

host races could distinguish both plant species, but their decisions about what to do with this 

information differed.  

Within cedar and cypress host races of Mitoura (Lycaenidae), oviposition preference 

was strongly correlated with larval performance (Forister 2004), but this correlation was lost 

in the F1 progeny of reciprocal crosses between cedar and cypress races (Forister 2005). 

Survival of hybrid larvae on cypress was identical to the cypress race, but hybrid survival on 

cedar was 30% lower than the cedar race. Hybrid females preferred to oviposit on cedar, the 

same host that resulted in the reduced survival of hybrid larvae. Thus, oviposition preference 

for cedar was dominant, with hybrid preference indistinguishable from the cedar race, but 
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larval performance on cedar was recessive, with hybrid performance indistinguishable from 

the cypress race. 

Comparisons between host races may end up being comparisons between species. For 

example, the mugwort and maize host races of Ostrinia nubilalis are genetically isolated 

(Martel et al. 2003); (Bethenod et al. 2005), mate assortatively (Malausa et al. 2005), and 

have different sex pheromones which attract essentially only males from the same host race 

(Pelozuelo et al. 2004). Recently these O. nubilalis host races have been determined to be 

different species (Frolov et al. 2007). Whether they are host races or cryptic species, studying 

the genetic basis of differences in host use will be useful; indeed, crosses between closely 

related species with different host ranges may prove to be the most useful approach to 

determining the genetic architecture of host range.   

In laboratory experiments with F1 hybrids and backcrosses of three closely related 

species of Yponomeuta, oviposition on Euonymus europaeus (Celastraceae), the normal host 

of Y. cagnagellus, was partially dominant to oviposition on Prunus spinosa  (Rosaceae), a 

normal host of Y. padellus, and Malus domestica  (Rosaceae), a normal host of Y. malinellus 

(Hora et al. 2005). Reciprocal crosses gave the same results, indicating that the genes 

involved were autosomal rather than sex-linked. In these experiments, both Y. padellus and 

Y. malinellus laid some eggs on their non-host E. europaeus, perhaps retaining willingness to 

oviposit on this host because species of Celastraceae appear to be the ancestral hosts for 

Yponomeuta (Menken 1996); Hora et al. 2005).   

Colias eurytheme and C. philodice (Pieridae) appear to be distinct species with 

diagnosable differences maintained by assortative mating. Nevertheless, they hybridize, 

which may account for a lack of differences in their adaptation to several novel, introduced 

host plant species (Porter and Levin 2007). However, differences in genetic correlations and 

heritabilities for fitness components among host plants for the two species suggest that the 

genetic architecture of host use may differ between them (Porter and Levin 2007). 

Conclusions 

The current knowledge of the genetic architecture of lepidopteran host ranges is limited 

mostly to heritability estimates, dominance relationships, and location of genes on autosomes 
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versus sex-chromosomes, although QTL mapping studies are in progress. Heritabilities for 

oviposition preference and larval performance can be high (e.g., 60-90%), but also can be 

zero. Dominance relationships run the gamut from additive to overdominant. Larval 

performance tends to be controlled by autosomal genes and oviposition preference by sex-

chromosome genes, but this trend is weak. Finally, evidence is accumulating that differences 

in host range between closely related species and host races appear to have a relatively 

simple architecture, involving few segregating factors (e.g., <10) that may interact 

epistatically.  

 

Integration of Larval and Adult Traits 

Much attention has been devoted to the relationship between oviposition preference and 

larval performance because of its implications for host range evolution and speciation. With 

rare exceptions, lepidopteran adults suck nectar and sometimes eat pollen (if they feed at all), 

but their larvae chew on plant tissue. Adults choose their own food by sight, smell, and taste 

(Ramaswamy 1988); (Fitt 1991) and may feed on nectar from a variety of host plants 

unsuitable for larval development. Where females oviposit is determined in part by visual 

appearance, but primarily by the smell and taste of the surfaces of intact plants. Larval 

feeding decisions are largely determined by the odor and taste of intact plant surfaces and 

macerated tissues, though larvae may also use visual cues when moving from one plant to 

another. Whether larvae thrive on a host plant and produce fit adults depends on the 

interaction between their digestive systems, including ability to detoxify phytochemicals 

(Berenbaum and Zangerl 1992); (Berenbaum et al. 1992); (Hung et al. 1995); (Rose et al. 

1997); (Stevens et al. 2000); (Li et al. 2002); (Wittstock et al. 2004); (Zagrobelny et al. 

2004); (Berenbaum and Feeny 2008), and the plant tissues they ingest, as well as their 

nutritional requirements (Lee et al. 2006), especially for essential nutrients, or defensive 

chemicals they cannot produce themselves (Engler-Chaouat and Gilbert 2007).  

Host use involves a balance between two sets of traits: those of adults (e.g., location 

of hosts over a relatively large area, recognition and acceptance of suitable oviposition sites, 

and success in finding mates) and those of larvae (e.g., feeding on suitable hosts, re-
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colonization of the host plant if dislodged, location of a new host plant if one is eaten up, the 

ability to cope with plant defense compounds). Historically, it has been assumed that 

oviposition choice and larval performance are linked, so that females will tend to oviposit on 

plants that maximize larval performance, and oviposition preference will be influenced by 

larval host (e.g., (Darwin 1909 )). However, given that these traits may be under different 

selection regimes and may be controlled by different sets of genes, complete integration of 

preference and performance may not be possible (Scheirs and De Bruyn 2002); (Quental et 

al. 2007).  

The observed correspondence between oviposition preference and larval performance 

ranges from excellent to poor (for review, see (Thompson and Pellmyr 1991)). Recent work 

on H. subflexa has revealed that even extreme specialists may not always oviposit on the 

hosts that maximize larval fitness. In a common garden experiment involving seven Physalis 

species, oviposition preference of wild H. subflexa females did not correlate with larval 

performance (Benda 2007). Physalis pubescens was the species most preferred for 

oviposition, but larval feeding was greatest on P. angulata and P. philadelphica, which were 

less preferred for oviposition. On seventeen naturally-occurring Physalis species in Mexico 

(the center of Physalis diversity), larval densities of H. subflexa on P. pubescens, P. angulata 

and P. philadelphica were indistinguishable, and far greater than on the other ten Physalis 

species infested by H. subflexa larvae (Bateman 2006). In laboratory bioassays, H. subflexa 

larvae survived best on P. angulata (46% of neonates survived to pupation) but less well on 

both P. pubescens (34%) and P. philadelphica (30%). Interestingly, poor decision making 

was not restricted to adults: larval feeding also failed to reflect performance reliably. In 

assays on thirteen Physalis species, larval mortality from starvation (with no attempt to feed) 

was quite high, ranging from 25% to 83% among plant species (Bateman 2006). If larvae had 

failed to feed only on plant species where performance was poor, one might conclude that 

refusal to feed on these sub-optimal hosts was adaptive. In fact, the relationship between 

willingness to feed and survival to pupation was not consistent: only 52% of neonates 

attempted to feed on P. angulata, but 89% survived to pupation; in contrast, 75% of neonates 

attempted to feed on P. philadelphica, but only 43% survived to pupation. It is unclear why 
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larvae would refuse to eat suitable plants, especially in the absence of other choices. When 

presented with artificial diet, 95% of neonates fed, and their strikingly lower willingness to 

feed on plant material may reflect variation in larval sensitivity to species-specific plant 

compounds (Bateman 2006). In any case, it appears that neither oviposition preference nor 

larval feeding is fine-tuned to larval performance in the specialist H. subflexa. 

Given the difference in selection between larvae and adults, it is perhaps not 

surprising that preference and performance appear to be controlled by different genes 

(Thompson et al. 1990; Sheck and Gould 1993, 1995, 1996). Even in cases with a strong 

correlation between preference and performance, this correlation appears to reflect 

independent selection on these traits, rather than a shared genetic basis. If larval and adult 

host use traits were controlled by genes on the same chromosome, physical linkage might 

allow them to evolve in concert.  However, genes affecting larval performance have 

consistently mapped to autosomes (Hagen 1990; Thompson et al. 1990; Sheck and Gould 

1996; Forister 2005), while genes affecting oviposition preference are less consistent, 

mapping sometimes to sex chromosomes and sometimes to autosomes (Sheck and Gould 

1995; Forister 2005; Hora et al. 2005). Many traits associated with adult behavior [e.g., 

male response to pheromones: Ostrinia (Dopman et al. 2005); female mate choice: Colias 

(Grula and Taylor 1980); Arctiidae (Iyengar et al. 2002); female oviposition preference: 

Papilio (Thompson 1988; Scriber et al. 1991); Polygonia (Nygren et al. 2006)] are sex-

linked, specifically to the male (Z) sex chromosome, suggesting that genes found on the Z 

chromosome may contribute disproportionately to the evolution of reproductive isolation and 

thus be important in speciation (Sperling 1994; Prowell 1998). However, sex-linkage of 

oviposition preference may depend on the geographical scale of comparison: Janz (Janz 

1998) found that variation between two populations of Polygonia c-album with different host 

specificity was sex-linked, whereas Nylin (Nylin et al. 2005) found strong variation in 

oviposition preference among females in a single population, but no evidence for sex linkage. 

Regardless of the autosomal versus sex chromosomal basis of oviposition preference, all 

research to date has suggested that oviposition preference and larval performance are 

controlled by genes on different chromosomes. 
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Neurobiology of Host Range 

While some host use genes (e.g., those involved in larval detoxification of plant allomones) 

may affect only one life stage, others probably act in both larvae and adults. Most notably, 

both larvae and adults use smell and taste to evaluate potential hosts, so genes involved in 

olfaction and gustation are likely to affect both egg laying and larval feeding. That the 

chemosensory systems of adults and larvae are often in harmony is demonstrated by females’ 

generally ovipositing on plants where their larvae are willing to feed. In Papilio, adult 

oviposition and larval feeding are stimulated (or deterred) by the same chemicals, suggesting 

the same chemosensory genes are responsible for host use decisions in adults and larvae 

(Ono et al. 2004; Nishida 2005). Furthermore, P450s degrade odorants in adult Papilio as 

well as detoxify plant allomones in larvae (Ono et al. 2005) and may provide a link between 

adult oviposition and larval performance (Berenbaum and Feeny 2008). 

Chemoreceptors are broadly classified as members of either the olfactory (Or) or 

gustatory (Gr) receptor subfamilies. Olfactory processing is mediated by olfactory binding 

proteins (OBPs) secreted into the aqueous lymph of sensilla and olfactory receptor proteins 

(ORPs) embedded in the membranes of olfactory receptor neurons (ORNs) that innervate 

sensilla. A thorough review of the neurobiology of insect olfaction is beyond the scope of 

this chapter (for recent reviews, see Mustaparta 2002; Chyb 2004; Rutzler and Zwiebel 

2005; Hallem et al. 2006). Briefly, odor molecules pass through the pores of olfactory 

sensilla on antennae and maxillary palps (the primary and secondary olfactory organs), are 

transported by an OBP to the membrane of an ORN, where they bind to an ORP, inducing an 

action potential that propagates along the axon of the ORN. While the dendrites of ORNs 

innervate the sensilla, their axons project into the glomeruli of the antennal lobe. Thus, 

stimulation at the periphery is quickly conveyed to the higher processing areas of the central 

nervous system.  

ORPs are highly diverse, with many sharing less than 20% amino acid similarity. 

This diversity long delayed their discovery in insects, as homology-based similarity searches 

using known mammalian ORP sequences were unsuccessful. A combination of bioinformatic 
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(Clyne et al. 1999) and genetic (Vosshall et al. 1999) approaches finally identified 

Drosophila ORPs, including 60 Drosophila Or genes. Identification of olfactory receptors in 

Lepidoptera has proved challenging because of low sequence similarity to Or genes in other 

organisms. Krieger (Krieger et al. 2002) identified nine candidate ORPs by screening an H. 

virescens antennal cDNA library for proteins with partial sequence similarity to Drosophila 

ORPs and used in situ hybridization to find which candidates were expressed in ORN. These 

newly identified proteins had very low amino acid sequence similarity with any identified Or 

genes, and homology was restricted to small regions of Drosophila ORPs. More promising 

for identification of adult chemoreception genes in Lepidoptera are the findings of Wanner 

(Wanner et al. 2007) with Bombyx mori. Once H. virescens Or genes were identified, they 

used traditional measures of sequence similarity to identify 41 candidate ORPs in the newly 

released B. mori genome, many of which appear orthologous with H. virescens ORPs. 

It is unclear what role OBPs and ORPs play in determining the host range of 

lepidopterans. In Drosophila, some ORPs are narrowly tuned to a single odor and some are 

more broadly tuned.  Each ORP is expressed in a subset of 3-50 ORNs, and the response 

properties of ORNs arise from differences in the ORPs they express (de Bruyne and Warr 

2006). Many ORNs respond to the same odor, and thus one odor typically activates multiple 

receptors (Hallem et al. 2004; Goldman et al. 2005). This result helps explain why flies 

with an engineered deletion of an odor receptor often show normal olfactory-mediated 

behavior (Elmore et al. 2003). In Drosophila and probably Lepidoptera, specificity of 

response to odors relies on combinatorial discrimination of odorants, which has been 

observed in the first center of neuronal integration, the antennal lobe (Ng et al. 2002; Wang 

et al. 2003). Behavioral changes can be induced by the inactivation of selected subsets of 

olfactory neurons (Suh et al. 2004), and one recent study demonstrated that overexpression of 

a single odor receptor resulted in reduced behavioral avoidance of benzaldehyde, a 

compound involved in host avoidance and attraction in some Lepidoptera (Stortkuhl et al. 

2005). 

OBPs were first discovered in the antenna of the moth Antheraea polyphemus (Vogt 

and Riddiford 1981) and have since been identified in H. virescens (Krieger et al. 2002), S. 
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exigua (Xiu and Dong 2007), O. nubialis (Coates et al. 2005), M. sexta (Vogt et al. 2002) and 

other species. A variety of biochemical roles have been proposed for OBPs, including the 

transport of odorants through sensillum lymph to ORPs and the deactivation of odorants 

following receptor activation (Park et al. 2000); whether OBPs will prove to be involved in 

multiple processes in Lepidoptera remains to be seen. In Drosophila, recent work by Matsuo 

(Matsuo et al. 2007) suggests that OBPs may be involved in host range. They examined the 

genetic basis of oviposition choice in D. sechellia, a specialist on Morinda citrifolia, which is 

toxic to the closely related D. melanogaster. Drosophila sechellia is preferentially attracted 

to M. citrifolia fruit, while D. melanogaster is deterred by its odor. Using targeted gene 

knockout and replacement, they replaced two D. melanogaster OBP genes (Obp57d and 

Obp57e) with the D. sechellia versions. In the resulting transformed flies, oviposition 

preference closely mirrored that of D. sechellia. While such manipulations are not yet 

possible for any lepidopteran species, OBPs and ORPs are attractive candidate genes for 

explaining differences in host plant use. 

In discussions of host plant acceptance, the role of larval choice is frequently 

overlooked. Although larvae are less mobile than adults, they may also be more motivated to 

find optimal hosts. As with adults, progress is being made in understanding the 

neurophysiology of host plant recognition and acceptance by larvae. Larval host choice 

appears to be based on a small set of gustatory receptors on antennae, maxillary palps, and 

epipharynx (Hanson and Dethier 1973; de Boer 1993, 2006; Glendinning et al. 1998; 

Schoonhoven and van Loon 2002; Schoonhoven 2005). Gustatory sensilla, which are also 

found in adults, are innervated by four gustatory receptor neurons (GRNs), each responding 

only to sweet, salt or water stimuli (Dethier 1976). The axons of GRNs project into the 

subesophogeal ganglion of the central nervous system, the first relay center of taste 

processing in the brain. Gustatory sensilla have been studied in a wide variety of insects, 

including moths and butterflies (Zacharuk 1980). To date, Gr genes have only been identified 

in two Lepidoptera: H. virescens (Krieger et al. 2002) and B. mori. In Drosophila, sixty Gr 

genes have been identified (Robertson et al. 2003), but receptor specificity has been 

determined for only a few of these [i.e., sugar receptors (Dahanukar et al. 2007), carbon 
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dioxide receptors (Jones et al. 2006; Jones et al. 2007; Kwon et al. 2006; Kwon et al. 2007) 

and bitter receptors (Moon et al. 2006)].  

The proteins encoded by identified Gr genes are, like OBPs and ORPs, extremely 

divergent in sequence, sharing as little as 8% amino acid identity (Scott et al. 2001). As with 

Or genes, Gr genes show much higher levels of sequence homology within Lepidoptera than 

between, for example, Lepidoptera and Diptera. Thus the increasing availability of 

Lepidoptera-specific resources [e.g., ButterflyBase (Papanicolaou et al. 2008) and the B. 

mori genome project (Mita et al. 2004; Xia et al. 2004)] should make it easier to identify 

these genes in a wide variety of lepidopterans.  

Given that host selection/acceptance is mediated by a balance of phagostimulatory 

and deterrent inputs (Schoonhoven 1987), a simple (i.e., single gene) explanation of host 

range is unlikely. In many cases, the experience of an insect with its environment interacts 

with its genome to produce the observed host range. The larvae of Pieris rapae and Manduca 

sexta are polyphagous at hatching and become oligophagous only after exposure to a host-

specific compound [a glucosinolate for P. rapae (Renwick and Lopez 1999) and indioside D 

for M. sexta (del Campo et al. 2001)]. Presumably, following this exposure, plants lacking 

the relevant compound are deterrent (alternatively, only plants with the compound are 

stimulatory). In M. sexta, changes in the activity of the peripheral nervous system are known 

to occur after exposure to indioside D (del Campo et al. 2001; del Campo and Miles 2003), 

but the mechanism by which these changes affect larval behavior is unknown.   

The possibility that changes in host range are caused by changes in sensitivity to 

deterrent or stimulatory compounds is supported at the behavioral level  (Bernays and 

Chapman 1987; Bernays and Chapman 2000; Bernays et al. 2000). For example, the 

presence of benzaldehyde had no effect on feeding in Y. cagnagellus, a species that retains 

the original ancestral association with Celastraceae (which do not contain benzaldehyde), but 

stimulated feeding in species in a more derived clade that has shifted to the benzaldehyde-

containing Rosaceae (Roessingh et al. 2007). Interestingly, such changes in peripheral 

sensitivity to host-associated chemicals appear to be a consequence rather than a cause of 

shifts in host range. In studies of both larvae and adults, species with widely divergent host 
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ranges appear to have similar receptor neuron sensitivities.  In larvae of H. subflexa and H. 

virescens, interspecific behavioral differences could not be attributed to differences in 

sensory neuron responses to stimulatory or deterrent compounds (Bernays and Chapman 

2000; Bernays et al. 2000). In the generalists H. armigera and H. virescens and the specialist 

H. assulta, four types of ORNs in adult females of each species responded to the same four 

volatile plant chemicals, and each type of neuron, though narrowly tuned to a single 

molecule, showed some response to closely related molecules (Stranden et al. 2003). In both 

larvae and adults, species-specific host acceptance appears to depend on differences in 

central processing of sensory input, so changes in host range may depend upon changes in 

the central nervous system (Bernays and Chapman 1987; Bernays et al. 2000; Chyb 2004).  

Although the mechanisms causing Lepidoptera with different host ranges to produce 

very different behaviors from the same peripheral input have not yet been identified, such 

work is underway in Drosophila. Melcher and Pankratz (Melcher and Pankratz 2005) have 

identified a neuropeptide (coded by the hugin gene) expressed in gustatory interneurons that 

link peripheral receptor neurons with motor neurons in the ventral nerve cord and the 

pharyngeal apparatus. Output from these hugin-expressing interneurons appears to integrate 

taste, the endocrine system, higher-order brain centers, and motor output to modify feeding. 

As with the olfactory and gustatory genes, identification of lepidopteran neuropeptides may 

depend on the development and exploitation of Lepidoptera-specific resources. In the search 

for pheromone biosynthesis activating neuropeptide receptor genes, for example, very low 

levels of similarity were found between lepidopteran and Drosophila sequences, but 

similarity within the Lepidoptera was high (Zheng et al. 2007). 

 

Directionality of Host Range Evolution 

Most Lepidoptera have relatively narrow host ranges, feeding on a small fraction of available 

plants. This preponderance of specialists may reflect host-associated fitness trade-offs 

(Jaenike 1990), selection by natural enemies (Bernays and Graham 1988), or neural 

constraints (Bernays 2001). Neural constraints [i.e., limitations of insect nervous systems that 
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restrict the rate of information processing (Dukas 1998)] might be the proximate means by 

which many checks on host range operate because insects with broad host ranges may be less 

efficient at correctly accepting or rejecting plants (and choose plants on which their fitness is 

reduced) or may simply take longer to choose hosts (thus increasing their exposure to natural 

enemies). The ability of adult females to select the best oviposition sites depends on 

accurately assessing host quality, and generalists seem to perform poorly compared to 

specialists. In assays of three specialist and two generalist nymphalid species on nettles of 

different quality, specialist females oviposited preferentially on high quality nettles, but 

generalist females did not (Janz and Nylin 1997). All larvae performed poorly on low quality 

nettles, so the poor choices made by generalist females reduced their reproductive success.   

Larval performance also varies between specialists and generalists in a manner 

consistent with the neural constraints hypothesis. Bernays et al. (2000) found that larvae of 

the specialist H. subflexa rejected toxic diets untasted or after a single bite, but larvae of the 

generalist H. virescens rejected such diets only after extensive feeding. Apparently, the 

specialist relied on swift sensory evaluation of the diet, whereas the generalist relied on 

negative post-ingestive effects. This “eat now, decide later” approach of H. virescens larvae 

greatly increased their risk of consuming fatal doses of toxins. Inefficient decision making 

can also lead to reduced feeding opportunities: in assays of larval foraging behavior of two 

specialist and two generalist arctiid species, generalist larvae took much longer to accept or 

reject a plant and rejected many suitable host plants (Bernays et al. 2004). 

Although Mayr (Mayr 1963) considered host range evolution to be unidirectional and 

irreversible, with generalists giving rise to specialists and specialization a dead end, more 

recent work has shown this to be false (Nosil and Mooers 2005). Instead, transitions from 

specialist to generalist and generalist to specialist occur freely and are not constrained by 

phylogeny (Winkler and Mitter 2008).  For example, optimization of host use traits on the 

phylogeny of Nymphalini suggests that ancestral specialization on Urticales was followed by 

frequent expansions and contractions of host range (Janz et al. 2001). Furthermore, larvae of 

many species could feed on plants outside their current host range, with a strong bias toward 

plants used as hosts by other species of Nymphalini (Janz et al. 2001). Such a bias is 
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consistent with the striking conservatism in host use in most Lepidoptera. The observation 

that closely-related insects often use closely-related plants is well supported by phylogenetic 

reconstructions (e.g., (Mitter and Farrell 1991; Winkler and Mitter 2008), and probably 

results from retention of ancestral host use genes. Novelty, however, is also a common theme 

for host use evolution. In the Nymphalini, some “extreme” host shifts to plant families 

outside the ancestral host range of either the Nymphalini or their close relatives in the 

Nymphalis-Polygonia clade occurred. A similar phenomenon is found with the Troidini tribe 

of Papilionidae, in which host range reflects neither host plant phylogeny nor plant secondary 

chemistry (Silva-Brandao and Solferini 2007). Instead, Troidini host range is strictly 

opportunistic, and increases in geographical range are strongly correlated with increases in 

the number of plant species used.  

The evolution of host range probably reflects both the constraints of phylogeny and 

the constructive effects of natural selection, changing in response to the availability and 

adaptive value of particular host plants. Interestingly, shifts to novel host plants are 

associated with increased speciosity in Polygonia, where clades that shifted to novel host 

plants were more speciose than sister clades that used only hosts from the ancestral group 

(Weingartner et al. 2006). Such patterns are consistent with expansions in host plant range 

driving the elevated diversification rates observed in Lepidoptera and other phytophagous 

insects. In one recent analysis of 145 phytophage speciation events, fully half of the events 

were accompanied by shifts to new host plant species (Winkler and Mitter 2008). 

 

Future Prospects 

Our current understanding of the genetic architecture of host range is limited. Although 

differences in host range between closely related species and host races appear to have a 

relatively simple architecture, this conclusion awaits corroboration by more detailed analysis 

of the actual genes involved. Differences in sequence and expression of detoxification 

enzymes and chemoreceptor proteins have been implicated in differences in host range, but 

their full roles remain to be determined. Further advances in our understanding will require 

either much larger experiments or new approaches—and probably both. Crosses between 
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closely related species or races that differ in host range provide the strong phenotypic 

differences and distinct molecular markers that together greatly aid in the identification of the 

genes responsible for differences in host range. Furthermore, it is exactly these differences in 

host range between recently diverged populations and species that are most intriguing. The 

most promising systems for this approach have involved species and populations in the 

genera Euphydryas, Helicoverpa, Heliothis, and Papilio. 

Three main strategies show great promise for delineating in more detail the genetic 

architecture of differences in host range: (1) more and finer-scale genetic mapping of QTL, 

including combined genetic and physical mapping, (2) analysis of sequence and expression 

differences between closely related species or races that differ in host range, and (3) the 

effects of targeted disruption of candidate genes. 

Genetic mapping of QTL is a powerful technique for determining the number and 

interaction of loci affecting quantitative traits (for review see Lynch and Walsh 1998). 

However, QTL mapping might be better named QTR (quantitative trait region) mapping, 

because the number of genes between markers flanking QTL may be large. Many researchers 

have argued forcefully for the need to go beyond QTL mapping to identify the specific 

genetic changes underlying adaptive divergence (e.g., Orr 2005; Remington et al. 2001). 

Going from QTL to candidate gene can be quite challenging, especially when several 

different QTL affect phenotypes. Even if a single QTL is strongly implicated, sequencing the 

region between flanking markers in a non-model organism can prove difficult.   

The development of whole-genome integrated physical/genetic maps (Chang et al. 

2001; Yamamoto et al. 2006) can significantly accelerate map-based (positional) cloning of 

genes underlying QTL. Furthermore, sequencing has recently become much easier and 

cheaper with the introduction of ultra-high throughput technologies such as the Genome 

Sequencer FLX System (454-Life Sciences/Roche Applied Science, Indianapolis, Indiana, 

USA), Illumina Genome Analyzer (Illumina, San Diego, California, USA), and the SOLiD 

System (Applied Biosystems, Foster City, California, USA). Vera et al. (Vera et al. 2008) 

used 454 pyrosequencing to generate approximately half a million high-quality reads from 

the genome of the Glanville fritillary, Melitaea cinxia (Nymphalidae). BLAST searches 
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against the B. mori genome resulted in about 9,000 hits. If, as has been estimated for B. mori, 

most Lepidoptera have about 18,000 genes, then at least half of all genes in the M. cinxia 

genome have high levels of homology with B. mori. Vera et al. (2008) were able to detect a 

large number of sequence polymorphisms, a valuable source of genetic markers for QTL 

mapping and population genetic analysis. In addition, the availability of large-scale 

transcriptome information will allow species-specific microarrays to be constructed. 

Assembly of the short reads from these new technologies is a problem, but approaches like 

paired-end sequencing and the use of scaffolds from related species should ease assembly 

(Goldsmith et al. 2005). 

Improved techniques for fluorescent in situ hybridization (FISH) using genomic 

BACs as probes promise a renaissance in the cytogenetics of Lepidoptera, transforming their 

small, uniformly sized, undifferentiated chromosomes into powerful tools for the analysis of 

genome organization (Yoshido et al. 2005b; Yasukochi et al. 2006; Sahara et al. 2007). 

Already, genetic mapping combined with BAC-FISH has revealed synteny in a variety of 

lepidopterans (Jiggins et al. 2005; Kaplan et al. 2006; Lee and Heckel 2007; Sahara et al. 

2007). Integrated genetic/physical maps and this synteny may make it possible to use the 

well-mapped and sequenced genome of B. mori to find candidate genes in chromosome 

segments delineated by common anchor loci.  

For candidate genes, expression analysis combined with genetic mapping can 

determine whether the candidates map to the same region as QTL associated with phenotypic 

differences. The sequence differences among detoxification enzymes and olfactory receptor 

proteins can be quite large so they should be readily distinguishable in expression analyses. 

An alternative method for testing gene function is to silence the expression of candidate 

genes using RNA interference (RNAi), which works by inducing intracellular enzymes that 

destroy native mRNA homologous to introduced double-stranded RNA (Bettencourt et al. 

2002). Several Lepidoptera species have been genetically transformed (Tamura et al. 2000; 

Thomas et al. 2002; Imamura et al. 2003; Marcus 2005), opening up the potential to 

develop RNAi constructs that express endogenously in the appropriate tissue or 

developmental stage. 
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The new and developing techniques in molecular genetics have the potential to move 

lepidopteran genetics beyond the limited world of model organisms and into one that better 

reflects the great diversity of lepidopteran biology. Unlike earlier insect model systems, 

existing research on Lepidoptera is deeply rooted in attempts to understand the evolution of 

traits that allow insects to adapt to a variety of environments. The combination of the vast 

knowledge of the behavior, ecology and phylogeny of many species of Lepidoptera that has 

accumulated over the last half century with the rapidly expanding availability of cutting-edge 

genetic and genomic technologies promises exciting progress in our understanding of the 

genetic architecture of lepidopteran host ranges in the near future.  
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CHAPTER 3: THE GENETIC BASIS OF PHYSALIS USE IN H. SUBFLEXA 

Introduction 

Understanding the genetic basis of ecological adaptation is something of a holy grail for 

evolutionary biologists. While some ecologically important traits are likely to have a fairly 

simple Mendelian basis, many are complex and involve quantitative variation across a range 

of phenotypes. Over the past decade, our understanding of the genetic basis of quantitative 

traits has undergone a sea change. The high hopes that accompanied such landmark studies 

as Frary (Frary et al. 2000), who found that a single gene was responsible for a quantitative 

trait locus (QTL) associated with 30 percent change in tomato fruit weight and Peichel 

(Peichel et al. 2001), who found a single QTL responsible for 25 percent of the variation in 

stickleback pelvic spine length (see Mackay 2001 and Flint and Mott 2001) for a thorough 

review of early QTL mapping studies), have given way to the realization that a full 

understanding of the genetic basis of a single quantitative trait may require the identification 

of tens to hundreds of different QTL (Flint and Mackay 2009). 

This new-found pessimism comes in the wake of remarkably similar findings in all 

well-studied organisms (reviewed in (Flint and Mackay 2009; Mackay et al. 2009). These 

are, first, that context-dependent QTL effects are probably the rule, not the exception. 

Context-dependent effects include QTL by sex interactions (GSI), in which the same QTL 

may have different effects in males and females; QTL by environment effects (GEI), in 

which different QTL may control the expression of the same phenotype in different 

ecologically relevant environments; and QTL by genotype effects (epistasis), in which the 

effect of the same QTL differs depending upon the genetic background in which it occurs. 

This array of context-dependence suggests that identical phenotypes in different sexes, 

ecotypes, populations, and species may be controlled by largely independent sets of QTL. 

A second daunting trend is that QTL effect sizes are, on average, very small. Early 

studies tended to overestimate QTL effect sizes, because: (1) they were underpowered (the 

so-called Beavis effect, leading to overestimation of effect sizes in studies with low QTL 

detection power (Beavis 1998; Xu 2003); and (2) “single” QTL are typically found to be 
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composed of multiple, tightly-linked QTL when high-resolution mapping is done (e.g., 

(Kroymann and Mitchell-Olds 2005; Edwards and Mackay 2009). In short, every increase 

in sample size and resolution is likely to be accompanied by an increase in the number of 

QTL detected, and a decrease in QTL effect sizes, and a typical QTL may account for less 

than 5 percent of the observed variation (e.g., 14 QTL explain 71 percent of the variation in 

resistance to 4-NQO in yeast (Ehrenreich et al. 2010); 39 QTL explain 91 percent of the 

variation in female flowering time in maize (Buckler et al. 2009); 44 SNPs explain 5 percent 

of the heritable variation in human height (Weedon and Frayling 2008).  

Third, it has become clear that pleiotropic QTL effects are widespread, not only for 

functionally related traits such as chemical resistance (Ehrenreich et al. 2010), but for such 

apparently distinct traits as aggression and resistance to ethanol inebriation in Drosophila 

(Edwards et al. 2006; Morozova et al. 2007). Thus, a candidate gene approach may not 

provide the hoped-for shortcut to finding the loci responsible for phenotypic variation in 

ecologically important traits (Fitzpatrick et al. 2005).  

Even in the absence of pleiotropy, the prospects of success using a candidate gene 

approach to identify the QTL responsible for phenotypic variation are limited by the fact that 

the sequence positions underlying variation may not be in coding regions. Although results 

are not extensive, to date it appears that many of the causal polymorphisms responsible for 

QTL effects are in regulatory (non-coding) regions, often in so-called “gene deserts” very far 

away from the nearest gene (Helgadottir et al. 2007; McPherson et al. 2007; Samani et al. 

2007). Because non-coding regions tend to be less evolutionarily conserved than coding 

regions (Siepel et al. 2005), the occurrence of causal polymorphisms in regulatory regions 

further reduces the likelihood that testing and validation of either candidate genes or known 

QTL from model organisms will significantly ease the search for QTL in non-model 

organisms. Patterns such as these in well-studied organisms for which extraordinary 

community resources are available cast a sobering light on attempts to find the loci 

responsible for ecologically relevant traits in non-model organisms. Nonetheless, we describe 

herein an attempt to do so. 
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Large numbers of chromosomes and sex-limited recombination make Lepidoptera 

attractive models for investigations into the genetic basis of host plant range, as well as other 

ecologically important complex traits. In Lepidoptera, within-chromosome recombination is 

restricted to males, so maternal-origin chromosomes are inherited intact (Suomalainen 1969 

and references therein; Marec et al. 2010). Genetic linkage mapping is simplified because 

maternal-origin “linkage groups” are actually chromosomes, and any putative recombination 

can be attributed to scoring error--in systems where recombination occurs, disentangling 

scoring error from true recombination can be a major challenge. The majority of 

lepidopterans have between 28 and 32 small chromosomes of relatively uniform size, though 

chromosome numbers across Lepidoptera range from 5 to 223 (Suomalainen 1969; 

Robinson 1971; White 1973; De Prins and Saitoh 2003; Traut et al. 2007). The 

exception to this uniformity is the W sex chromosome (sex determination in the Lepidoptera 

is typically WZ / ZZ, and females are the heterogametic sex), which is heterochromatic and 

contains very few genes (Marec et al. 2010). 

Although these numerous small chromosomes are difficult to distinguish 

cytologically, this also means that each chromosome comprises a relatively small fraction of 

the genome. If the distribution of chromosome sizes and the total number of genes in most 

Lepidoptera resemble estimates for the silkworm, Bombyx mori (estimated genome size of 

500 Mb) (Xia et al. 2004; Yoshido et al. 2005a), each chromosome will contain 2-5% of the 

genome and some 300 to 1000 genes. This means that resolution of QTL to the level of 

chromosome in Lepidoptera is at least as precise as in many systems having within-

chromosome recombination. Finer-scale resolution of QTL in lepidoptera can be achieved 

using a biphasic approach whereby one maps first to chromosome with female-informative 

markers and then within chromosome with male-informative markers (Jiggins et al. 2005; 

Heckel et al. 1999; Van’t Hof et al. 2008; Winter & Porter 2010). This allows one to 

concentrate on chromosome(s) carrying QTL of interest, a major advantage for fine-scale 

mapping and map-based (positional) cloning.   

These characteristics have been used to good effect in studies of the genetic basis of 

Mullerian mimicry in Heliconius butterflies (see Baxter et al. 2008 for a review of mimicry 
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in Heliconius) where linkage mapping has been followed by association mapping, expression 

analysis, and sequencing of QTL regions (Jiggins et al. 2005; Ferguson et al. 2010; 

Counterman et al. 2010; Baxter et al. 2010).  Linkage maps have also been created for 

several butterflies, including Bicyclus anynana (Van’t Hof et al. 2008; Beldade et al. 2009)  

Papilio glaucus and P. canadensis (Winter and Porter 2010), and Colias eurytheme and C. 

philodice (Wang & Porter 2004).  

In Bombyx mori, both dense linkage maps (Yamamoto et al. 2008; Zhan et al. 2009) 

and a whole genome sequence (Xia et al. 2004; Mita et al. 2004) are available, and the B. 

mori genome serves as reference for analyses of synteny between different species and clades 

of Lepidoptera (Pringle et al. 2007; Van’t Hof et al. 2008; Beldade et al. 2009; Wu et al. 

2009a; Yasukochi et al. 2009). Wu et al. (2009) examined synteny between Heliothis 

virescens, Manduca sexta, Heliconius erato, and B. mori, and found the genome of H. 

virescens to be most highly conserved relative to B. mori, and most broadly representative of 

the Lepidoptera for which genetic sequences are available. This should facilitate use of H. 

virescens as a model system for examinations of the genetic basis of ecologically important 

traits, because (1) the genes involved are likely to be highly conserved, allowing for potential 

examination of their effects in other lepidopterans, and (2) candidate genes, primer 

sequences, and other genomic resources derived from the B. mori genome will require little 

or no modification before being used in H. virescens genomics efforts. 

Despite the volume of interesting research and the advantages of lepidopteran 

genetics discussed above, we do not know the detailed genetic architecture of host range for 

any species of moth or butterfly. Differences in host plant use between the narrow specialist 

Heliothis subflexa and the broad generalist H. virescens provide a compelling example of 

closely-related species with strikingly divergent ecological adaptations. Within this system, 

we are attempting to identify the genetic changes that underlie shifts in host range. 

Understanding the genetic architecture of host use is fundamental to understanding the 

evolution of Heliothines, and will contribute to understanding the evolutionary 

diversification of the Lepidoptera as a whole.   
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Several previous studies have examined the genetic basis of host range in H. 

virescens and H. subflexa. (Sheck and Gould 1993b) analyzed larval performance on four 

plant species by exposing H. virescens, H. subflexa, their F1 hybrids, and a backcross to H. 

subflexa to the leaves of cotton, soybean, tobacco, and Physalis pubescens and found that 

genes from H. subflexa were overdominant for survival and dominant for weight gain on P. 

pubescens, so that backcross larvae survived better and gained weight as well as H. subflexa. 

Epistatic and / or genotype by environment interactions also appeared to be involved because 

additive and dominance effects alone did not explain the results. (Sheck and Gould 1996) 

also used repeated backcrosses to H. subflexa with selection for larval performance on 

soybean to examine the genetic architecture for use of several plant species. They found that 

performance on cotton, soybean, tobacco, and P. pubescens were under independent genetic 

control. 

We have used a QTL mapping approach to investigate the genetic basis of 

interspecific differences between H. subflexa and H. virescens in use of Physalis angulata. 

We introgressed H. subflexa genes into the H. virescens background by backcrossing H. 

subflexa x H. virescens hybrids to H. virescens, then examined the effects of QTL from H. 

subflexa on several traits related to use of P. angulata and on several life history traits.   

Heliothis subflexa’s use of P. angulata as a host plant involves not one, but many 

traits: to use P. angulata, H. subflexa must find the plant, lay eggs on or near it (Benda 

2007), and feed and develop to adulthood on it. Thus, use of P. angulata is multifactorial, 

and the competing demands of each phase of host use must be integrated. In the present 

study, we focused on larval traits and have not measured any adult-specific host use traits 

such as oviposition preference (recently examined by (Bateman 2006; Benda 2007; and 

Petzold et al. 2009). Because host plant use is a complex trait involving many different 

processes, it is impossible to distill into a single phenotypic measurement. In previous work, 

we have shown that both behavioral and physiological differences between H. subflexa and 

H. virescens are involved in larval performance on P. angulata (Oppenheim and Gould 

2002a, b). In the current study, we examine behavioral, physiological, and life history traits 

potentially associated with differences between H. subflexa and H. virescens in the ability to 
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use P. angulata as a host. Given the nature of host plant use, it is probable that our approach 

captures only a fraction of the traits that make up the mosaic of performance on P. angulata. 

Our ability to map the QTL associated with quantitative variation in the use of P. 

angulata is subject to all the constraints and pitfalls that the past two decades of QTL studies 

have revealed. Where possible, our experimental design took these limiting factors into 

account. To ensure sufficient power to detect QTL, we analyzed a total of 1,462 backcross 

insects. We addressed context-specific effects in several ways: first, by using a large sample 

size that allowed us to test whether GSI effects were significant; second, by minimizing 

environmental variation; and third, by reducing the amount of background genetic variation 

by using closely related insects. While there was still far more variation in the background in 

which a QTL might occur than would be found in a recombinant inbred design, the amount 

of background variation was minimal compared to that which is common in studies using 

outbred organisms.  

To our knowledge, this study represents the largest effort yet undertaken to determine 

the genetic basis of an ecologically relevant trait in a non-model animal.  

 

Materials and Methods 

Study system 

Heliothis virescens is a major agricultural pest and has been the subject of much research; 

Heliothis subflexa is not a pest in North America, but is closely related to H. virescens, with 

which it has 99% sequence similarity in the genes for which comparisons have been made 

(Cho et al. 1995; Fang et al. 1997). Their geographical ranges overlap broadly (Mitter et al. 

1993), and the two species are morphologically so similar that H. subflexa was only 

conclusively identified as a separate species in 1941 (McElvare 1941). In the laboratory, H. 

virescens and H. subflexa will hybridize, producing fertile F1 females and sterile F1 males 

(male fertility is restored after several backcross generations) (Karpenko and Proshold 1977). 

These two species are thought to have evolved quite recently from a shared, generalist 

ancestor (Mitter, et al. 1993; Poole et al. 1993; Fang et al. 1997; Cho et al. 2008).  
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Despite the similarity between them, H. virescens and H. subflexa differ greatly in 

host range. Heliothis virescens has a very broad host range, feeding on at least 37 species in 

14 plant families, including Nicotiana tabacum (tobacco), Gossypium hirsutum (cotton), 

Glycine max (soybean) and other crops (Sheck and Gould 1993), whereas H. subflexa is 

narrowly specialized on the genus Physalis (Laster et al. 1982).  

Physalis species are defended by secondary compounds (e.g., withanolides and 

flavonol glycosides) (Shingu et al. 1992; Ismail and Alam 2001) and are unique in having 

physalins, highly-oxygenated C / D secosteroids with potent anti-myobacterial, anti-

trypanosomal, and anti-hepatotoxic properties (Januario et al. 2002; Garcia et al. 2006). The 

specific effects of these defenses on insect herbivores have not been examined, but Physalis 

in the field is typically attacked by few insect herbivores other than H. subflexa (primarily 

Chrysomelid beetles, generalist feeders whose larvae and adults feed on the leaves of 

Physalis (Bateman 2006) and, rarely, an Arctiid moth, a generalist whose larvae have been 

found feeding on the fruits of Physalis (S. J. O. personal observation)), suggesting that 

Physalis is reasonably well defended.  

Even within the genus Physalis, not all species are acceptable to H. subflexa: 

Bateman (2006) used field surveys, common garden experiments, and laboratory feeding 

assays to examine the suitability and acceptability of seventeen different Physalis species of 

for H. subflexa and found that only thirteen of these species were ever used in the field. 

Three of these species--P. angulata, P. philadelphica, and P. pubescens--stood out as (1) 

harboring the greatest number of wild H. subflexa in the field (Bateman 2006); (2) 

evidencing the greatest proportion of fruits damaged by naturally occurring H. subflexa in the 

field (Bateman 2006; Benda 2007); and (3) attracting the greatest number of ovipositions by 

H. subflexa females in the field (Benda 2007). Larval survival of H. subflexa, as measured in 

laboratory assays, was greatest on P. angulata (on which 46 percent of neonates survived to 

adulthood), followed by P. pubescens and P. philadelphica (on which survival from neonate 

to adult was around 32 percent) (Bateman 2006).   

H. virescens is not known to feed on Physalis species in the field. In laboratory 

assays, H. virescens’ survival on Physalis ranges from 5 percent (survival from neonate to 3rd 
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instar on Physalis angulata fruit, as compared to 55 percent H. subflexa survival (see Chapter 

4 of this dissertation)) to 30 percent (survival from neonate to 8 days old on leaves of P. 

pubescens, as compared to 80 percent H. subflexa survival (Sheck & Gould 1993)) to 48 

percent (survival from neonate to 4 days old on fruits of P. angulata, as compared to 68 

percent H. subflexa survival (Petzold 2009)).  

 

Insect strains and rearing.    

All of the insects used in these experiments originated from colonies maintained at North 

Carolina State University (Sheck et al. 2006).  The Heliothis virescens strain YDK (hereafter 

referred to as Hv) was established in 1988 using field-collected larvae from Yadkin County, 

North Carolina. The Heliothis subflexa laboratory colony (hereafter referred to as Hs) was 

established in 1997 using field-collected larvae from Orangeburg County, South Carolina. 

The colonies have been maintained in the laboratory at population sizes of about 250 adults. 

The backcross experiments described here were conducted in 2001 (when the Hv and Hs 

strains had been in the laboratory for about 160 and 40 generations, respectively) and in 2007 

(after about 220 and 100 generations, respectively). Larvae were individually reared on 

artificial diet. Laboratory colonies and experimental insects were maintained in a 23º C 

rearing room under a 16:8 light-dark cycle at 50-70% relative humidity. In 2007, some eggs 

and larvae were held at 5º C for 2-5 days to slow their development to coincide with 

experimental resources.  

 

Plants 

Although many species of Physalis will support H. subflexa development, larvae do 

particularly well on P. angulata (Bateman 2006), and we used this species (referred to 

hereafter as Physalis) for all experiments.  Physalis plants were progeny of plants whose 

seeds were originally collected in Orangeburg County, South Carolina, in 1997. In the 2001 

experiments, seeds from multiple plants were used. In 2007, all plants were from the seeds of 

a single founder plant. Seeds were planted in flats in the greenhouse, where they were 
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maintained until seedlings were 5-cm high. Seedlings were then transplanted outdoors into 8 

liter pots, which were large enough to allow plants to attain sizes typical in the field.  

On each experimental day, Physalis fruits were collected either less than 1 hour 

before the start of assays (in 2007) or less than 12 hours before the start of assays (in 2001).  

Fruits were collected by cutting the stem as close as possible to the plant: this procedure 

minimizes negative effects on the plant, allowing each plant to be used as a fruit source for as 

long as a month (or until all the fruits are used).  In 2007, a total of fifty Physalis plants were 

used over the course of the experiment, and each fruit was identified by the plant from which 

it came. In 2001, the individual plant from which each Physalis fruit was collected was not 

recorded. 

 

Backcross matings 

Experiments were conducted on seven backcross families. Each backcross involved a 

grandparental mating of an Hv female to an Hs male. An F1 female was then backcrossed to 

an Hv male, and their progeny (referred to as VS) were used in the experiments described 

here. We tested two backcross families in 2001 (VS01A and VS01B) and five in 2007 (VS07A, 

VS07B, VS07C1, VS07C2, and VS07C3).   

All seven families were loosely related based on their origin from the same Hs and 

Hv laboratory colonies, in which, because of their long time in culture, we expect fairly low 

neutral genetic variation. The five VS07 families were further related as follows: One 

grandparent pair (VS07C) produced three of the backcross families (VS07C1, VS07C2, and 

VS07C3) and progeny in two families (VS07C1 and VS07A) were half-siblings because the 

same male was mated with both F1 females (see Figure 1). In all crosses the F1 females were 

backcrossed to Hv males from a single family (i.e., all males used as fathers were full sibs. 

Therefore offspring from all 5 backcross families were paternal cousins. 

The parents used in the VS07 backcross matings were chosen based on their larval and 

pupal phenotypes. All potential VS07 F1 mothers and backcross fathers were assayed for the 

traits of interest, and the most subflexa-like females and virescens-like males were mated to 

each other. The VS01 parents were not phenotyped. 
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Measurement of Larval Phenotypes 

The performance of Hv, Hs, their F1 progeny, and VS backcross individuals on Physalis was 

evaluated by allowing each caterpillar to feed on a single Physalis fruit for 48 hours.  Newly-

hatched caterpillars were reared on artificial diet and checked twice daily to determine 

developmental stage. Larvae were assayed 4-8 hours after molting to 2nd instar. We used 2nd 

instars because testing this stage provides good discrimination between Hv and Hs 

phenotypes but does not result in unacceptably high mortality (S. J. O. personal observation).      

Because the ability of H. subflexa to feed on Physalis involves both behavioral and 

physiological traits (Oppenheim and Gould 2002a, b), larvae were presented with fruits that 

were still within their calyces. To feed on the fruits, larvae had first to bore an entry hole 

through the calyx.  

At the beginning of each assay, the following data were recorded: weight of the larva 

(mg); weight of the fruit (g); larval age (days); larval rearing temperature (23 º C or 5º C, and 

if the latter, number of days at 5º C); identity of plant providing fruit; and time of day. At the 

conclusion of each assay, we recorded larval weight, fruit weight, assay duration (hours), 

whether feeding had occurred (judged by damage to the fruit, and recorded as 0 or 1), and the 

number of holes bored in the calyx (determined by visual inspection of calyces backlit with 

bright light source to highlight holes). From these data, the following were calculated: 

change in larval weight (larval end weight – larval start weight); change in fruit weight (fruit 

start weight – fruit end weight); proportion change in larval and fruit weights (weight 

change/start weight); and assimilation efficiency (change in larval weight/change in fruit 

weight, i.e., mg change in larval weight per g of fruit consumed). 

After the assay, larvae were maintained on artificial diet. Insects were inspected daily, 

and in most cases were held until adult emergence before freezing at -80º C. When daily 

inspection indicated that an insect might not survive to adulthood, that insect was frozen 

immediately to maintain the largest possible population for molecular analysis. In 2007, the 

following traits were measured after the feeding assay: time from hatching to pupation 

(days); pupal weight (mg, measured 4-6 days after pupation); sex (determined at the pupal 



 

47 

stage); time from pupation to emergence (days); and the stage at which the insect was frozen. 

In 2001, the only additional data collected was the sex of the insects. Table 1 summarizes 

sample sizes for each year and population. 

 

Experimental Controls 

Wherever possible, we controlled for confounding factors that might obscure the results of 

our assays. To control for differences among dates, assays of Hs and Hv parental controls 

were conducted on multiple dates, simultaneous with backcross and F1 assays. The effect of 

holding larvae at 5º C for 2-5 days was controlled for by exposing Hs, Hv, and larvae from 

multiple backcross families to this regime.  

While it was not possible to test every population on fruits from each of the fifty 

Physalis plants used in 2007, there were eight plants upon whose fruits Hv, Hs, and two or 

more backcross families were assayed simultaneously. Furthermore, fruits from each of the 

fifty plants were used in assays of at least two backcross families, allowing us to detect any 

gross anomalies due to fruit source.  Because variation in fruit size and maturity can affect 

larval performance (Bateman 2006), only fruits of similar size (range: 1.7 to 2.8 g) and stage 

of ripeness were used. 

  

DNA Extraction 

We extracted DNA from 1,533 frozen adults, larvae, and pupae, comprising seven backcross 

families and their immediate ancestors. We used the commercially available QIAGEN 

(Chatsworth, CA) DNeasy 96 extraction kit, following the animal tissue protocol with some 

modifications to ensure complete digestion and removal of insect scales and cuticle. About 

20 mg of frozen tissue (adults and pupae: half thorax; larvae: 1-2 thoracic segments) was 

ground in the supplied buffer.  Because the large amount of chitin and scales present in some 

of our samples could hinder tissue digestion, we increased the volume of proteinase K from 

20 µL to 40 µL per 180 µL lysis buffer, and extended the lysis period to 18h at 56º C. After 

centrifugation of the lysate, only the supernatant was removed and used in the subsequent 
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precipitation steps to avoid transferring undigested material (scales, chitin) that would clog 

the DNeasy membrane. All separation steps were carried out on a vacuum manifold rather 

than by centrifugation. DNA from each insect was eluted into 400 µL of the supplied buffer 

and stored at -80º C. 

 

AFLP Markers 

After extraction, DNA was prepared for AFLP mapping using a modified version of the 

procedure described by Vos et al. (Vos et al. 1995). We first diluted the genomic DNA by 

combining 8 µL DNA with 100 µL molecular-grade water. No normalization of DNA 

concentration was done, as we have found the AFLP procedure robust to a wide range of 

initial DNA concentrations.  

Genomic DNA was cut into small fragments by digestion with two restriction 

enzymes, a rare cutter (EcoRI, which has a six base pair recognition site) and a common 

cutter (MseI, four base pair recognition site). In the restriction step, 8 µL of normalized DNA 

was digested with 5.2 units of EcoRI, 5 units of MseI, and 2 µL of 10X MseI buffer. 

Molecular grade water was added for a final reaction volume of 24 µL. The restriction digest 

was incubated for 3 hours at 37º C.   

Oligonucleotide adaptors were ligated onto the ends of the restriction fragments. The 

ligation reaction had 24 µL of restriction product, 1.21 µL EcoR1 adaptor (5 μM), 1.21 µL 

MseI adaptor (50 μM), 1.2 units of T4 DNA ligase, and 3.6 µL of 10X T4 ligase buffer. 

Molecular grade water was added for a final reaction volume of 36 µL. The ligation reaction 

was held for 12 hours at 16º C, and then diluted 1:5 by adding 144 µL molecular grade water 

to the 36 µL of ligation product.  

Pre-selective amplification was then conducted to amplify only those fragments with 

adaptors ligated to each end. The primers in the pre-selective amplification step have one 

selective nucleotide, so that the primer sequence is: adaptor sequence+N (in our case, MseI 

adaptor+C, EcoR1 adaptor+A). The pre-selective amplification reaction had 12 µL of the 

diluted restriction/ligation product, 15 µL of commercially available 5PRIME MasterMix 

(which contains Taq DNA Polymerase (62.5 U/ml), 125 mM KCl, ®-CA360 in 0,5%, 500 
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µM of each dNTP 75 mM Tris-HCl pH 8.3, 3.75 mM Mg(OAc) 2, 0.25 % Igepal and 

stabilizers. This corresponds to final concentrations in the PCR reaction of 1.25 U Taq DNA 

Polymerase, 50 mM KCl, 30 mM Tris-HCl, 1.5 mM Mg2+, 0.1% Igepal®-CA360 and 200 

µM of each dNTP), 3.25 µL of 25 mM Mg2+, 2.1 µL of EcoR1+A primer (50ng µL-1), 2.1 µL 

of MseI +C primer (50ng µL-1), and 26 µL molecular grade water was added for a final 

reaction volume of 60 µL. The following cycling profile was used for pre-selective 

amplification: 72º C for 2 minutes, followed by 30 cycles of 94º C for 15 seconds, 56º C for 

30 seconds, 72º C for 1 minute increased by 1 second per cycle, ending with 72º C for 2 

minutes, followed by a hold at 4º C until removal from the thermocycler. The pre-selective 

amplification product was diluted 1:20 by adding 100 µL molecular grade water to 5 µL of 

the product.  

Selective amplification was then carried out using 19 different primer pairs, all with 

the core sequences for EcoRI site primers: 5’-GACTGCGTACCAATTCANN; and for MseI 

site primers: 5’-NNGTTACTCAGGACTCATC, where NN are the selective nucleotides. The 

selective amplification reaction had 2 µL of the diluted restriction/ligation product, 3 µL of 

5PRIME MasterMix, 0.7 µL of 25 mM Mg2+, 1 µL of EcoR1+ANN primer (6ng µL-1), 0.7 

µL of  MseI +CNN primer (50ng µL-1), and 5 µL molecular grade water was added for a final 

reaction volume of 10 µL. The following cycling profile was used for amplification: 13 

cycles of 94º C for 10 seconds, 65º C for 30 seconds, reduced by 0.7º C per cycle to 59.9º C, 

25 cycles of 94º C for 10 seconds, 56º C for 30 seconds, 72º C for 1 minute increased by 1 

second per cycle, ending with 72º C for 2 minutes, followed by a hold at 4º C until removal 

from the thermocycler. 

To visualize the selective amplification products, we used fluorescently labeled 

EcoR1 selective primers with a WellRED D4-PA label at the 5’ end. No modifications were 

made to the selective MseI primers. The WellRED fluorescent dyes are proprietary to 

Beckman Coulter (Beckman Coulter, Fullerton, CA), and are designed for use with the CEQ 

8000 Genetic Analysis System, a capillary sequencing device. We purchased dye-labeled 

custom oligonucleotides from Proligo (Boulder, CO). 
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AFLP fragments were separated by capillary electrophoresis on a CEQ 8000, 

following the recommended protocol with slight modifications. For each sample, 3 µL of the 

selective amplification product was combined with 27 µL of loading buffer (ultrapure 

formamide from Amresco) and 0.2 µL of CEQ DNA Size Standard (400 base pair ladder 

with a WellRED D1 label). We used the following run parameters: capillary temperature 

50°C; denaturation at 90°C for 2 minutes; injection at 2 kV for 60 seconds; separation at 

6 kV for 35 minutes.   

The resulting electropherograms were first analyzed with the CEQ AFLP software 

(version 9). We specified a peak height threshold of 5% of the second highest peak (the 

highest peak is usually spurious, consisting of unincorporated dye), and a slope threshold of 

5. These liberal thresholds were chosen because otherwise some legitimate but “messy” 

peaks are excluded. Final scoring of all fragments was done manually to ensure that all 

legitimate peaks were included, and spurious peaks excluded. 

 

Gene-Based Markers 

Because it can be difficult to determine homology between AFLP-based maps from different 

crosses, we used gene-based markers as anchors between linkage groups. Using previously 

published nucleotide sequences from Hs and Hv (publicly available on GenBank), we looked 

for genes that would provide codominant markers discriminating between Hs and Hvs.  

We used eleven codominant markers that were developed in the Gould lab as part of a 

pheromone QTL mapping experiment. The development of markers Cp11, Cp14B, Cp5B, 

Cr12, Cr18, Cr2B, Csp2, Dd23, Ef1α, Snmp, and δ9 is described in Gould et al. (2010). 

To find additional sequences to use as codominant markers, we used the Basic Local 

Alignment Search Tool (BLAST; National Center for Biotechnology Information, Bethesda, 

MD) to align Helitohis nucleotide sequences with those of Bombyx mori. If a sequence had 

no match B. mori, we compared it with all Arthropoda nucleotide sequences.  Highly 

conserved regions were used as targets for primers, which were designed with Primer3 

software (Whitehead Institute, Cambridge, MA). We specified the following design 

conditions: Tm 57-63 °C, target 60 °C with the difference in the Tm of the two primers less 
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than 1°C; minimal primer length 18 nt, optimal primer length 24 nt, maximum primer length 

30 nt..    

We then used these primers to test for length variation between Hs and Hv 

amplification products. A standard amplification protocol was used with a 20 ml reaction 

containing 1X NEB Taq buffer, 4.0 mM MgCl2, 0.4 mM dNTPs, 50 ng of each primer, 0.025 

units / µL NEB Taq polymerase (NEB, Ipswich, MA), and 50 ng of genomic DNA, run with 

a cycling program of  94° C for 1 minute, followed by 30 cycles of 94° C for 40 seconds, 60° 

C for 40 seconds, 72° C for 1 minute, and ending with 5 minutes at 72°C. Reaction products 

were visualized on a 2 percent Agarose I™ (Amresco, Solon, OH) gel stained with ethidium 

bromide.   

If interspecific length variation was found, we tested the primers in the grandparents 

and parents of our VS families. Primer pairs for 14 nucleotide sequences generated 

amplification products with the attributes we desired: variation between, but not within, 

parental species; variation within the backcross populations; and successful amplification in 

the backcross progeny.  

A total of 25 primer pairs were used to generate gene-based markers (see Table 2 for 

primer and nucleotide sequence information for all gene-based markers). We amplified DNA 

with these 25 primer pairs in 176 backcross individuals from five VS families, and added the 

resulting marker phenotypes to our AFLP-based linkage map.  

 

Linkage Mapping 

Meiotic recombination does not occur in the females of Lepidoptera (Marec et al. 2010). 

Thus, intact chromosomes are transmitted from mother to offspring, and all AFLP fragments 

from a given maternal-origin chromosome are in complete association. As a result, a 

backcross mapping strategy using F1 females can only resolve linkage groups to the level of 

chromosome, and no conclusions about marker order or distance can be drawn. Given that 

the genome of heliothine moths consists of 30 autosomes, resolution to the level of 

chromosome means that, on average, QTL are localized to about 3 percent of the 

approximately 401 Mb genome of Heliothis (Taylor et al. 1993).   
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In the present study, we were interested in markers that were absent in Hv 

grandmothers and backcross fathers, present in Hs grandfathers, present in F1 mothers, and 

segregating approximately 1:1 in the VS backcross progeny. Because all grandparental 

crosses were of an Hv female to an Hs male, all F1 mothers had a W sex chromosome from 

Hv and a Z sex chromosome from Hs. Backcrossing F1 females to Hv males resulted in 

female progeny with both sex chromosomes from Hv and all male progeny with one Z 

chromosome from Hv and one Z chromosome from Hs. Thus, the effects of the sex 

chromosomes are confounded with overall differences between the sexes and the effects of 

the introgressed Z chromosome from Hs could not be determined, though it was possible to 

examine differences between the sexes in the effects of autosomes.  

We used the program JoinMap (version 3.0) to sort our AFLP and gene-based 

markers into linkage groups. We made separate maps for each data set, using LOD threshold 

≥ 10 and recombination ≤ 0.5.  Because no recombination occurred in F1 females, linkage 

between markers on the same chromosome should be complete, and the level of 

recombination between them should be zero. In practice, however, missing data and errors in 

determining marker genotypes combine to reduce the association between markers. Thus, 

small departures from the ideal values are treated as experimental error.  

 

QTL Mapping  

Because we carried out a large number of tests, our methods were designed to take into 

account the multiple tests performed, both at the level of phenotype (where eight variables 

were recorded and additional ones derived from these) and marker genotype. We used 

permutation thresholds (Churchill and Doerge 1994) to determine empirical significance 

thresholds for chromosome-phenotype association tests.  We follow Lander and Kruglyak 

(Kruglyak and Lander 1995) in classifying chromosomes as significant (p-value of permuted 

F statistic < 0.05) or suggestive (0.05 < p-value < 0.1). To determine empirical significance 

thresholds at an experiment-wise error rate of α = 0.05 or α = 0.1, we randomly permuted the 

phenotype data for each variable across genotypes. We performed 1000 permutations for 

each variable, and recorded the maximum F statistic generated in each replicate. The 
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resultant population of F statistics was then sorted from lowest to highest, and the 900th and 

950th greatest F statistics (which correspond to p = 0.1 and p = 0.05 experiment-wise Type I 

error rates) were used as the critical threshold for declaring a suggestive or significant 

chromosome-phenotype association.  

To determine whether the effect of a chromosome varied between years, between the 

sexes, or among VS families, we conducted a mixed-model analysis of variance for each 

chromosome and trait. We used PROC GLIMMIX (SAS 9.2) to evaluate the effect of 

chromosome (fixed), year (fixed), sex (fixed), family nested within year (random), and their 

interaction on the observed phenotype. Appropriate distributions were specified in cases 

where the data were non-normally distributed (e.g. Poisson distribution for count data).. 

Because our sample sizes were unequal, we used LSMEANS to examine differences between 

means. 

We corrected for multiple comparisons by using the SIMULATE option; SIMULATE is a 

simulation-based method for controlling the family-wise error rate by estimating the precise 

value of the adjusted p-values given the number of tests performed, and is both more precise 

and more liberal than Bonferroni correction. In practice, the results of Bonferroni and 

simulation-based multiple test corrections are quite similar. All reported p-values are 

corrected for multiple comparisons unless otherwise noted. 

If the chromosome effect was significant after correction for multiple tests but other 

effects were not, analysis proceeded using the model phenotype = chromosome with the 

entire data set. Where both chromosome and an additional variable were significant, analysis 

proceeded with both factors in the model (e.g., if chromosome and chromosome*sex were 

significant, we used the model trait = chromosome chromosome* sex). Effects that were not 

significant were dropped from the model, and a reduced model was used to estimate the 

effect of chromosome on phenotype. 

We evaluated interactions between all QTL that were significant in either the 

permutation or the mixed model analyses. We used ANOVA (PROC GLM in SAS VS.9.2) 

to test for pairwise interactions between significant chromosomes, using the model 

phenotype = chromosome A chromosome B (chromosome A)*(chromosome B). For each 
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trait, all significant chromosomes were included in a single model. We used the SIMULATE 

option to correct for multiple comparisons.  We further evaluated interactions by carrying out 

regression (PROC REG in SAS VS.9.2) analyses, using stepwise selection with the 

significance level for both entry and retention set at α = 0.05. 

The effect of each Hs chromosome on the associated trait(s) was measured in two 

ways. We estimated the percent of variation explained in the VS population by comparing 

the mean phenotypes of Hs chromosome-present individuals to those of Hs chromosome-

absent individuals, using regression analysis to estimate the proportion of backcross variance 

(expressed as r2) explained by each Hs chromosome.  The phenotypic effect of each 

chromosome was calculated as the average difference between Hs chromosome-present and 

Hs chromosome-absent individuals. Then, because the aim of these experiments was to 

understand the genetic basis of differences between Hs and Hv (as opposed to variation with 

the backcross population), we calculated effect sizes relative to interspecific variation 

between Hs and Hvs. The percent of interspecific variation explained by each chromosome 

was estimated as: percentage species difference = (average effect of chromosome / average 

difference between Hs and Hv) x 100, which can be interpreted as the percent of the 

phenotypic gap between Hs and Hv that is accounted for by a given chromosome. 

 

Results 

Linkage Mapping and Determination of Homology 

Independent linkage maps were generated for each of the seven backcross families. This was 

necessary because not all AFLP markers were informative in all families, and some gene-

based markers were only used in one or two families. A total of 476 markers were evaluated 

(23 gene-based, 453 AFLP), though the number of markers in each family was far lower 

(ranging from 202 in VS01A to 324 in VS07C1). Sixty-five AFLP markers occurred in all 

seven families, and 195 AFLP markers occurred in five or more families (Table 3). On 

average, each AFLP marker occurred in half of the backcross families.  
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After the seven independent maps with all 30 autosomes were complete, a single 

homologous map was derived by comparison of linkage groups among families. Linkage 

groups that shared at least 2 markers across families were considered homologous. After 

examining homology across family-based maps in a pairwise fashion, we evaluated 

homology across all seven families. Our resulting homology map includes 29 autosomes 

(named H01 through H29, the “H” signifying homology) that can be reliably identified in 

each of the seven families (Table 4, see APPENDIX 1 for details). Individual autosomes 

occurred in about half of all genotyped insects (range: present in 44 to 52 percent of insects); 

within backcross families, autosome frequency ranged from 40 to 57 percent.  The 

distribution of autosomes among the backcross progeny did not differ from expected 

Mendelian ratios.   

The true autosome number in heliothines is 30, and there is one pair of homologous 

sex chromosomes. We were unable to map female sex chromosome because all backcross 

females had both W and Z sex chromosomes from Hv, but could map the male sex 

chromosome because backcross males had one copy of Z from Hv and one from Hs (Figure 

1). Because of this inheritance pattern no segregation of sex-linked host range QTL within 

either sex is expected, but any difference between the sexes could result from presence of the 

Z chromosome of Hs in backcross males.  

While each of the seven family-based maps had 31 linkage groups, we only found 29 

groups with homology across all families. Because two linkage groups had few informative 

markers and these markers occurred in only one or two families, it was impossible to 

determine homology across all families based on markers. A conservative analysis of these 

two chromosomes within each family showed no association between these chromosomes 

and any of the traits examined. Thus, we are confident that conclusions about the relationship 

between chromosomes and phenotypes can safely be drawn from our homology map. 

 

Phenotypic Analysis of Quantitative Traits 

Because we are interested in discovering the genetic basis of variation in the traits that 

distinguish Hs from Hv, we first examined interspecific differences in the measured traits. 
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Differences in phenotypes can be considered by species (Hs vs. Hv, n = 215 and 224, 

respectively), by year (2001 vs. 2007, n = 222 and 217), and by family (four Hs and five Hv 

families were tested, each representing the descendants of an initial mass mating followed by 

within-population single pair matings). For traits that did not differ between Hs and Hv, we 

made no attempt to discover the genetic basis of backcross variation.  

We evaluated the differences between Hs and Hv at each possible level (species, year, 

family, and sex), and used the broadest level of explanation possible by first testing for 

overall interspecific differences, then testing whether comparisons at a finer scale provided 

more explanatory power. By way of example, consider larval start weight (the weight of a 

caterpillar at the beginning of the assay): overall, the difference between Hs and Hv was 0.7 

mg (Hv was heavier than Hs), and species explained 58 percent of this variation (p < 0.0001).  

Although each species varied between years and families, all Hs means grouped together 

when compared to Hv means, and analysis at levels finer than interspecific did not 

appreciably increase the explanatory power, e.g., year and family explain, respectively, 61 

and 75 percent of the variation in start weight within species (p < 0.0001), but each subset 

had the same relationship between species as the overall set. We report finer-scale results 

only when they vary in a way that does not reflect the interspecific difference (see Table 5 

for a summary of the phenotypic differences between species). The backcross progeny can 

also be evaluated at several different levels, including year and family (for the backcrosses, 

family is the single pair mating from which the insect came). The VS07 backcross insects can 

be further grouped by lineage (grandparental pair VS07A, VS07B, or VS07C) and by maternal 

phenotype (assimilation efficiency of the F1 mother, scored as high (more than 3 mg larval 

weight gain per g fruit consumed), medium (2.1 to 2.8 mg g-1), or low (less than 1.2 mg g-1)).  

Hs had higher assimilation efficiency than Hv (4.8 vs. 0.2 mg gained per g of fruit 

consumed). In all backcross progeny, assimilation efficiency varied with family (range: 1.9 

to 2.8 mg g-1, p = 0.0001). In the VS07 backcross progeny (but not in VS01), assimilation 

efficiency also varied with larval start weight (larger insects had higher assimilation 

efficiency, p < 0.0001).  
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Hs bored fewer holes in the calyx surrounding Physalis fruit than Hv (Hs = 0.9 holes, 

Hv = 3.5 holes). In the VS backcross progeny, the number of holes varied with family (range: 

1.5 to 2.5 holes, p < 0.0001) and larval start weight (heavier larvae bored more holes, p = 

0.0001). Backcross progeny that did not feed bored more holes than did feeders (non-feeders 

= 3.0 holes, feeders = 1.6 holes, p < 0.0001).  The number of holes varied weakly with fruit 

source in backcross progeny (p = 0.01), but none of the pairwise comparisons between plants 

were significant when corrected for multiple tests. 

Hs were more likely than Hv to feed on Physalis (larval feeding was measured as a 

discrete trait, and only gauges whether a larva did any damage to a fruit): 91 percent of Hs 

and 52 percent of Hv larvae fed, and this difference was not affected by larval or fruit start 

weights. Among backcross progeny, feeding varied with year (VS01: 77 percent; VS07: 69 

percent, p < 0.0001), family (range: 65 percent to 77 percent, p < 0.0001), larval start weight 

(larger larvae were more likely to feed, p < 0.0001), and sex (females were more likely to 

feed, p = 0.005). In the VS07 backcross, cold treatment increased the likelihood of feeding (67 

percent vs. 72 percent, p = 0.0005), though this effect was not seen in the control insects.   

The proportion change in larval weight during feeding assays ((change in larval 

weight divided by larval start weight)*100) was greater for Hs than Hv (303 percent vs. 20 

percent) and varied with year (all 2007 averages were higher than their 2001 counterparts, p 

< 0.0001). In backcross progeny, the percent change in larval weight varied with family 

(range: 8 percent to 59 percent, p < 0.0001), year (VS07 was higher than VS01, p < 0.0001), 

and larval start weight (smaller larvae gained more proportionately than larger larvae, p < 

0.0001). Fruit start weight, larval sex, cold treatment, and fruit source had no effect on 

percent change in larval weight. 

Hs and Hv larvae did not differ in the amount of fruit they consumed (mean change in 

fruit weight: Hs = 0.24 g, Hv = 0.25 g), nor did the sexes differ.  The amount of fruit 

consumed varied with year (2001 > 2007, p = 0.003) and fruit start weight (larger fruits lost 

more weight, p < 0.0001), although surprisingly larval start weight did not affect amount of 

fruit consumed.  For Hv and Hs, cold treatment decreased the amount of fruit eaten (not 

chilled = 0.32 g, chilled = 0.26 g, p = 0.0009). In backcross progeny, there was a difference 
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between years in amount of fruit consumed (VS07 ate more than VS01, p < 0.0001). Heavier 

larvae ate slightly more fruit (p = 0.007), and heavier fruits lost more weight (p < 0.0001). In 

VS07 backcross progeny, cold-treated larvae ate less fruit (not chilled = 0.32 g, chilled = 0.30 

g, p = 0.004).    

Interestingly, percent change in larval weight increased linearly with amount of fruit 

eaten for Hs larvae, but not for Hv larvae (Figure 2). For Hs, the fitted model for regression 

of larval weight change on fruit weight change was: change in larval weight = 0.0008 + 

(0.005*change in fruit weight), and explained 13 percent of the variance (p < 0.0001). For 

Hv, the slope of the regression line was zero and the effect of fruit weight change on larval 

weight change was not significant (p = 0.1). 

Hs and Hv also differed in larval start weight (0.9 and 1.6 mg, respectively). Mean 

start weights for backcross families ranged from 1.0 to 1.8 mg, and family explained 15 

percent of this variation (p < 0.0001). In the VS07 families, maternal phenotype explained 11 

percent of the variation, with medium weight mothers producing the heaviest larvae. In both 

the backcross and control populations, the mean start weight of cold-treated larvae was lower 

than normally-reared larvae (p < 0.0001).  

Time from egg hatch to pupation, pupal weight, and time from pupation to emergence 

were measured in 2007 only.  The time to pupation did not differ between species (Hs = 20.7 

days, Hv = 19.3 days) and was only affected by larval weight change (time to pupation = 

19.7 - 1.2*change in larval weight; p < 0.0001). Among the backcross progeny, males 

reached pupation more quickly than females (males = 17.8 days, females = 19.4 days; p < 

0.0001), and larvae with higher start weights pupated more quickly (p < 0.0001), but time to 

pupation did not vary with larval weight change or among families. Fruit source affected 

time to pupation (p < 0.0001), with differences in mean time to pupation between fruit 

sources ranging from -7 days to +6 days (though the average difference between pairs of 

plants was 0.6 days).  Fruits from many pairs of plants differed in time to pupation (t-tests 

corrected for multiple comparisons). However, plant effects were inconsistent among 

backcross families: for example, time to pupation in family VS07C1 was 4.5 days less on 
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Plant 16 than on Plant 27, but time to pupation in family VS07C2 was 4.3 days greater on 

Plant 16 than on Plant 27.  

Pupal weight did not differ between Hs and Hvs. In the backcross insects, pupal 

weight varied with sex (males = 0.20 g, females = 0.27 g, p < 0.0001) and among families 

(range: 0.26 g to 0.29 g, p < 0.0001). 

Time to emergence (measured as days from pupation to emergence) was longer for 

Hs than for Hv (Hs = 16.1 days, Hv = 13.3 days), and differed significantly between the sexes 

(males = 15.5 days, females = 14.4 days, p < 0.0001). Insects with higher larval start weights 

had shorter times to emergence (time to emergence = 15 – (0.27*larval start weight); p = 

0.0008), while insects with faster times to pupation took longer to emerge (time to emergence 

= 10 + (0.23*time to pupation); p < 0.0001). In backcross progeny, differences in time to 

emergence between the sexes were in the opposite direction in Hs and Hv (males = 12.5 days, 

females = 15.3 days, p = 0.01), and family did not affect time to emergence. As with Hs and 

Hv, pupal weight affected time to emergence of backcross progeny, with the heaviest pupae 

taking longest to emerge (p < 0.0001). 

We examined the correlations among certain traits above. Because some of the traits 

we measured reflect a common target of selection (e.g., selection for faster development 

times might involve increased larval growth rates, shorter time to pupation and from pupation 

to emergence), we expected to find some correlation between the measured variables. We 

also measured traits more particularly associated with use of Physalis as a host plant (e.g., 

assimilation efficiency and number of holes bored in the calyx). Since we do not understand 

the basis of specialization on Physalis, it was impossible to predict how these traits might 

relate to more canonical life history traits. Thus, we tested all possible correlations in both 

the backcross and control populations (see Table 6).  A number of correlations were found; 

of particular interest, the number of holes bored in the calyx of Physalis was negatively 

correlated with larval feeding, proportion change in larval weight, and assimilation 

efficiency. Within Hs, these correlations, where significant, were in the opposite direction: 

e.g., increase in the number of holes bored was correlated with an increased probability of 

feeding and higher assimilation efficiency.  
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Association between Chromosomes and Phenotypes  

A total of twenty-one chromosomes showed some level of association with the 

phenotypes measured. For most traits, different chromosomes were explanatory in different 

populations. Thus, variation in a given trait might be controlled by chromosome A in the 

VS07 families, by chromosome B in the VS01 families, and by chromosome C in females. 

Chromosome-phenotype association results for the six phenotypic traits that differed 

significantly between Hs and Hv are given below. F-statistics and p-values for the effect of 

chromosome on phenotype are given in the tables that accompany each trait. 

 

i. Larval start weight 

In the VS01 insects, chromosomes H01, H10 and H28 were associated with variation in larval 

start weight; in the VS07 insects, four different chromosomes, H06, H16, H23 and H28, were 

significant (Figures 3 and 4). Of these six chromosomes, only one had effects in the expected 

(phenotypically Hs-like) direction: In the VS07 population, the presence of chromosome H16 

was associated with a 6.5 percent decrease in larval start weight, and explained 9 percent of 

the difference between Hs and Hv and 0.5 percent of the backcross variation. In the VS07 

insects, the presence of chromosome H23 was associated with a 6 percent increase in start 

weight, while in VS01 H01 was associated with a 12 percent increase in start weight and 

accounted for 8 percent of the interspecific difference and 0.5 percent of the backcross 

variation.  

Some chromosomes were significant in only one family (Figure 4). Chromosome H06 

was not significant in the VS07 population as a whole, but in VS07C3 its presence was 

associated with an 18 percent increase in larval start weight. Similarly, in VS01A, 

chromosome H10 was associated with a decrease in start weight, explaining 23 percent of the 

difference between Hs and Hv and 3.7 percent of the backcross variation. See Table 7 for a 

summary of the effects and significance levels of all QTL affecting larval start weight. 
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ii. Time to emergence 

In the VS07 families, different chromosomes were associated with variation in emergence 

time in males and females. Only two chromosomes, H01 and H05, had significant effects 

when males and females were analyzed together; in both cases, there was a significant 

sex*chromosome effect, but also a significant overall effect. Chromosome H01 was 

associated with increased emergence times in family VS07B and in VS07 males, while 

chromosome H05 was associated with increased emergence times in the VS07 population as a 

whole and in VS07 females, but not in males.   

The remaining chromosomes had significant sex*chromosome effects but no 

significant overall effect. In males, chromosomes H03, H14, H15, H19 and H26 had 

significant effects on emergence time (Figure 5). Chromosomes H03, H14, H19 and H26 

were each associated with increased emergence time and explained from 10 to 14 percent of 

the difference between Hs and Hv males, and 1 to 3 percent of the variation within VS07 

males. Chromosome H15 had effects in the opposite direction: its presence was associated 

with a 4 percent decrease in emergence time, and explained 18 percent of the interspecific 

difference and 3.4 percent of variation in VS07 males. See Table 8 for a summary of the 

effects and significance levels of all QTL affecting the length of time from pupation to 

emergence. 

 

iii. Larval feeding 

In the VS07 insects, eight chromosomes had a significant effect on variation in larval feeding 

(no chromosome was significant in the VS01 population) (Figure 6). Chromosome H19 was 

highly significant in all the VS07 families, and was associated with a 10 percent increase in 

the occurrence of larval feeding. Chromosomes H10, H15, H25, and H29 were associated 

with an increase in the occurrence of larval feeding in all VS07 families; the simultaneous 

presence of all four chromosomes was associated with a 63 percent increase in larval feeding 

and explained 52 percent of the interspecific difference and 3.2 percent of the backcross 

variation. These effects were additive, and there was no interaction between chromosomes.  
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One chromosome, H01, had Hs-like effects in one family and Hv-like effects in 

another: in VS07C1 its presence was associated with a 22 percent increase in the occurrence 

of feeding, but in VS07C3 it was associated with a 16 percent decrease. Chromosome H26 

also had Hv-like effects: in family VS07B it was associated with a 20 percent decrease in the 

occurrence of feeding. Several chromosomes had significant sex*chromosome interactions, 

and the significance (though not the direction) of their effects differed in males and females 

(Figure 7). See Table 9 for a summary of the effects and significance levels of all QTL 

affecting the occurrence of larval feeding.  

 

iv. Number of holes bored in the calyx of Physalis 

Eight chromosomes were associated with variation in the number of holes bored (Figure 7). 

In VS01 (but not in VS07), chromosome H01 was associated with a 19 percent decrease in the 

number of holes, and explained 18 percent of the interspecific difference and 1.2 percent of 

the backcross variation. Chromosome H19 was significant in both the VS01 and the VS07 

populations. In the VS01 families, the presence of chromosome H19 was associated with a 21 

percent reduction in the number of holes and explained 19 percent of the interspecific 

difference and 1.7 percent of the backcross variation; in VS07, H19 was associated with a 14 

percent reduction and explained 11 percent of the interspecific difference and 0.5 percent of 

the backcross variation. Chromosome H05 was also significant in both the VS01 and the VS07 

populations: in VS01 males (but not females) the presence of chromosome H05 was 

associated with a 27 percent decrease in the number of holes, and explained 43 percent of the 

interspecific difference and 3.1 percent of the backcross variation. In VS07, chromosome H05 

was associated with a 47 percent decrease in the number of holes, and explained 46 percent 

of the interspecific difference and 0.8 percent of the backcross variation. No other 

chromosomes were significant in VS01.  

In VS07, chromosome H29 was associated with a 19 percent decrease in the number 

of holes, and explained 15 percent of the interspecific difference and 2.2 percent of the 

backcross variation. Taken together, the simultaneous presence of H05, H19, and H29 

reduced the number of holes by 47 percent, explaining 45 percent of the interspecific 
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difference and 2.1 percent of the backcross variation; these effects were additive and there 

was no interaction between chromosomes. The presence of chromosome H28 was associated 

with a 14 percent decrease in the number of holes, and explained 12 percent of the 

interspecific difference and 0.5 percent of the backcross variation. Chromosome H11 was 

significant in VS07C3 but not in the other families; its presence was associated with a 47 

percent decrease in the number of holes bored and explained 30 percent of the difference 

between Hs and Hv and 2.7 percent of the backcross variation. 

Several chromosomes had significant chromosome by sex interactions. In most cases, 

the significance of their effects differed in males and females, but the effects were in the 

same direction (Figure 9). However, one chromosome, H08, was significant in males and had 

no effect in females. In males, the presence of H08 was associated with an increase in the 

number of holes bored, while in females its presence was associated with a slight decrease.  

Chromosomes H06 and H26 also had effects in the Hv-like direction, and their effects 

were similar: in VS07 each chromosome was associated with a 14 percent increase in hole 

number and explained about 10 percent of the interspecific difference and 0.5 percent of the 

backcross variation. See Table 10 for summary of the effects and significance levels of all 

QTL affecting the number of holes bored in the calyx of Physalis.  

 

v. Proportion change in larval weight 

Twelve chromosomes had an effect on variation in proportion weight gained (Table 11). 

Only one chromosome, H19, was significant in both the VS01 and VS07 populations. In the 

VS07 families, the presence of H19 was associated with a 14 percent increase in proportion 

weight gain and explained 2.3 percent of the difference between Hs and Hv and 1 percent of 

the backcross variation. In VS01, H19 explained 24 percent of the difference between Hs and 

Hv and 5.3 percent of the backcross variation (Figure 10). In the VS01 population (but not in 

VS07), chromosome H26 was associated with Hv-like phenotypes in females but not in males 

(Figure 11). The presence of chromosome H26 in female VS01 was associated with a 50 

percent decrease in proportion weight gain and explained 10 percent of the interspecific 
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difference in females and 3.4 percent of the variation in backcross females.  No other 

chromosome was explanatory in VS01.     

In the VS07 population, eight additional chromosomes, H01, H04, H06, H08, H13, 

H15, H18 and H29, had an effect on proportion change in larval weight (Figures 10 and 12). 

Chromosomes H08 and H15 were highly significant and had very similar effects: the 

presence of each was associated with 20 percent increase in the proportion of weight gained, 

and explained 3 percent of the interspecific variation and about 1.6 percent of the backcross 

variation. Taken together, the simultaneous presence of chromosomes H08, H15, and H19 

was associated with an 82 percent increase in proportion weight gained and explained 9 

percent of the difference between Hs and Hv and 4.4 percent of the backcross variation. 

These effects were additive and there was no interaction between chromosomes. 

Chromosomes H01, H18, and H29 all had positive effects and were associated, respectively, 

with 20, 10, and 13 percent increases in proportion weight gained. Chromosome H01 

accounted for 3 percent of the interspecific difference and 0.6 percent of the backcross 

variation, while chromosomes H18 and H29 each accounted for 2 percent of the interspecific 

difference and 0.7 percent of the backcross variation. 

The three remaining chromosomes, H04, H06 and H13, had negative (Hv-like) effects 

on proportion weight change. The presence of H06 was associated with an 8 percent decrease 

in the proportion of weight gained, and explained 1.5 percent of the interspecific variation 

and 0.4 percent of the backcross variation.  H13 was associated with a 10 percent, and 

explained 2 percent of the interspecific variation and 0.5 percent of the backcross variation. 

In VS07C1 (but not in the other VS07 families) the presence of H04 was associated with a 24 

percent decrease in the proportion of weight gained, and explained 4.3 percent of the 

interspecific variation and 3.0 percent of the backcross variation.   

   Several chromosomes had significant sex*chromosome interactions, and two 

chromosomes had effects in one sex only (Figure 12). Chromosome H23 was only significant 

in females, while chromosome H28 was only significant in males. In females, the presence of 

H23 was associated with a 13 percent increase. In males, chromosome H28 was associated 
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with a 16 percent increase. See Table 11 for summary of the effects and significance levels of 

all QTL affecting the proportion change in larval weight.  

 

vi. Assimilation efficiency 

Ten chromosomes were associated with variation in assimilation efficiency in the VS 

insects, and different chromosomes were associated with this trait in the VS01 and VS07 

populations (Figure 13). In VS01, chromosomes H03 and H19 were explanatory in the 

population as a whole, but their significance differed between the sexes (Figure 14). 

Chromosome H19 had positive effects in both sexes: its presence was associated with a four-

fold increase in assimilation efficiency, accounting for 93 percent of the difference between 

Hs and Hv and 7 percent of the backcross variation.  

Chromosome H03 was significant in both VS01 and VS07, but its effects were in 

different directions in the two populations. In the VS01 population, H03 had a negative effect 

(this was true in both sexes, but only significant in females). The presence of H03 in VS01 

was associated with a 66 percent decrease in assimilation efficiency and explained 55 percent 

of the interspecific variation and 2.4 percent of the backcross variation. In the VS07 

population, the effects of H03 were smaller but were clearly positive: the presence of H03 

was associated with a 15 percent increase in assimilation efficiency and explained 8 percent 

of the difference between Hs and Hv and 0.6 percent of the backcross variation. In family 

VS07C1, these effects were stronger: the presence of H03 was associated with a 33 percent 

increase in assimilation efficiency and explained 14 percent of the interspecific difference 

and 2.8 percent of the variation within VS07C1 (Figure 15).      

Eight additional chromosomes were associated with variation in assimilation 

efficiency in the VS07 population. As in the VS01 population, some chromosome effects 

differed between the sexes (Figure 16). Chromosomes H01, H08, H10, H15, and H18 were 

significant in the VS07 population as a whole (Figure 13), and sex*chromosome interactions 

were significant for H01, H08, H10, and H15. Chromosomes H14 and H16 were not 

significant overall, but had significant sex*chromosome interactions and had effects in either 

males (H16) or females (H14). A final chromosome, H04, was significant in family VS07C1 



 

66 

(where it was associated with a 32 percent decrease in assimilation efficiency and accounted 

for 18 percent of the interspecific difference and 6.3 percent of the backcross variation), but 

not in any other family (Figure 15). 

Only chromosomes H03 and H18 had significant overall effects that did not differ 

among families or between the sexes. The positive effects of H03 were described above. The 

effect of H18 on assimilation efficiency was also positive, and its presence was associated 

with a 15 percent increase in assimilation efficiency and explained 8.3 percent of the 

interspecific difference and 0.8 percent of the backcross variation.  

When chromosomes H01, H08, H10, and H15 were examined separately within 

males and females, the direction of chromosome effects was the same between the sexes but 

the scale of the effects differed. Chromosome H01 was associated with an 18 percent 

increase in assimilation efficiency in females, and explained 8.6 percent of the interspecific 

difference in females and 0.7 percent of the variation in backcross females. In males the 

presence of H01 was also associated with an increase in assimilation efficiency, but the effect 

was not significant. Chromosome H08 had significant effects in males, but very little effect 

in females. In males, the presence of H08 was associated with a 33 percent increase in 

assimilation efficiency and accounted for 24 percent of the interspecific difference in males 

and 3.3 percent of the variation in backcross males.   

Chromosomes H10 and H15 also had positive effects in both sexes, but were only 

significant in females. The presence of H10 in females was associated with a 34 percent 

increase in assimilation efficiency and accounted for 21 percent of the interspecific 

difference in females and 2.6 percent of the variation in backcross females.  Chromosome 

H15 was highly significant in females and in VS07 as a whole, but not in males. In females, 

the presence of H15 was associated with a 29 percent increase in assimilation efficiency and 

accounted for 18 percent of the interspecific difference and 2 percent of the backcross 

variation. In males, the effects of H10 and H15 were similar to those in females, but were not 

significant. In the VS07 population as a whole, the simultaneous presence of H10 and H15 

was associated with a 48 percent increase in assimilation efficiency and explained 23 percent 

of the interspecific difference and 2.6 percent of the backcross variation.  
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Chromosomes H14 and H16 were not significant in the VS07 population as a whole, 

but had significant sex*chromosome interactions. In females, H14 was associated with a 21 

percent increase in assimilation efficiency and accounted for 14 percent of the interspecific 

difference and 1.1 percent of the backcross variation; in males, its effects were negligible. 

Chromosome H16, which was only significant in males, had opposite effects in males and 

females. In males, its presence was associated with a 53 percent reduction in assimilation 

efficiency and accounted for 49 percent of the interspecific difference and 2.4 percent of the 

backcross variation, while in females the presence of H16 was associated with a 21 percent 

increase in assimilation efficiency. See Table 12 for summary of the effects and significance 

levels of all QTL affecting assimilation efficiency.  

 

Discussion 

The genetic basis of ecologically relevant traits is not well understood, despite enormous 

interest in understanding how such traits evolve. One of the reasons we lack details on the 

genetics of ecologically relevant traits is that they are complex and suffer from the same 

difficulties experienced in analysis of all complex traits:  context-dependent effects (Flint & 

Mackay 2009; Mackay et al. 2009),  many genes of small effect whose detection depends on 

both sample size (Beavis 1994, 1998; Xu 2003) and mapping resolution (Kroymann & 

Mitchell-Olds 2005; Edwards and Mackay 2009); and pleiotropic effects of the genes 

involved (Ehrenreich et al. 2010; Edwards et al. 2006; Morozova et al. 2007). 

The above patterns are apparent in our results, as well.  For the purposes of this 

discussion, we refer to chromosomes as QTL when discussing their effects. This is to 

distinguish between the shared presence of a chromosome versus a shared effect of the 

chromosome: for example, chromosome H28 is present in all families, but is associated with 

variation in larval start weight only in VS01A and VS07C3. Thus, the number of QTL effects 

is far greater than the number of chromosomes. 
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Context-dependent QTL effects 

We evaluated the effects of Hs-origin QTL in different years, in different sexes, and in 

different genetic backgrounds, and found context-dependent QTL at every level.  

i. Different QTL in males and females: Differences in the effects of the same QTL in 

males and female have been documented for many model organisms (Nuzhdin et al. 1997; 

Ober et al. 2008). We found GSI effects for many QTL: 38 QTL had different significance 

levels in males and females (Table 16). Seventeen of these were significant in the population 

as a whole, but had a significant QTL by sex interaction that, when examined, showed that 

when the sexes were analyzed separately the QTL was significant in only one sex. These 

QTL were distributed evenly amongst traits. Twenty-one QTL, however, were only 

significant for one sex, and over half of these were QTL for variation in emergence time.  

The number of QTL significant in males only and the number significant in females only 

were quite similar (17 and 21 QTL, respectively). 

While the majority of QTL with different significance levels in males and females 

had effects in the same direction in both sexes (i.e., QTL effects in the non-significant sex 

were similar to those in the significant sex, but not statistically significant), there were two 

exceptions (Table 17). Chromosome H15 had QTL effects in the Hs direction in one sex 

(H15 was associated with increased assimilation efficiency in females), but had effects in 

both the Hs and Hv directions in the other (in males, H15 was associated with increased 

likelihood of larval feeding (Hs-like) but also with faster emergence times (Hv-like)). The 

effects of chromosome H26 differed both by sex and by year: in VS01 females, it was a QTL 

for decreased proportion change in larval weight (Hv-like), but in VS07 males it was 

associated with longer emergence times (Hs-like). It is striking that these different direction 

QTL, as well as many of the QTL that were significant for only one sex, are associated with 

variation in emergence time. Emergence time was the only trait for which almost all QTL 

were significant in only one sex, and intraspecific differences between male and female 

emergence times can be almost as large as the overall difference between species. Thus it 

seems likely that many of our Hs-origin QTL associated with variation in emergence time are 

actually associated with variation between sexes, rather than variation between species. 
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ii. Different QTL in different years: 52 QTL were associated with phenotypic 

variation in 2007, 14 in 2001. Of these, five were significant in both years and for the same 

traits (Table 13). With one exception (discussed below) the effects were in the same direction 

(i.e., associated with more Hs-like or more Hv-like phenotypes) in both years. Of the 

remaining QTL detected in VS01, eight were from chromosomes that also had QTL effects in 

VS07, but affected different traits in each year (Table 14). There were 33 QTL that were 

significant in only one year, and 32 of these were from 2007 (Table 15).   

What might explain this difference between years? Although there may have been 

significant environmental variation between years, this seems like an unlikely explanation 

given that almost all of the chromosomes that had QTL effects in 2001 also had effects in 

2007. Further, where QTL affected different traits in 2001 and 2007, they almost always 

affected traits in the same direction.  An alternative explanation is that the effect of Hs-origin 

QTL depends upon the genetic background into which they are introgressed, so that 

interactions between QTL from Hs and genomic elements from Hv are partially responsible 

for the observed phenotypes. It certainly seems possible that there was genetic variation 

between the Hv grandmothers and backcross fathers used in 2001 and those used in 2007. 

Because we did not map Hv-origin chromosomes, we cannot test the effects of variation 

within Hv on the phenotypes observed. We do, however, know from other experiments (see 

Chapter 4 of this dissertation) that Hv harbors significant intraspecific variation for use of 

Physalis.  

A final possibility is that the presence of segregating variation with Hs means that the 

Hs chromosomes introgressed in 2001 are not the same as those introgressed in 2007: if there 

is intraspecific variation in Hs for use of Physalis, then different samples of Hs chromosomes 

will contain different alleles for Physalis use. If multiple alleles are segregating in a QTL 

region, the effect of the QTL will differ depending on which allele is present. Such allelic 

series have been described in other organisms, most recently in maize (Buckler et al. 2009) 

where the presence of multiple variants at a shared QTL resulted in very different effects of 

the same QTL in different populations.    
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iii. Different QTL in different lineages: Families descended from the same 

grandparental mating can be considered a single lineage in which backcross progeny are 

sampling from a fairly uniform pool of genetic variation. The two VS01 families were 

descended from two grandparental crosses, the five VS07 families from three grandparental 

crosses; thus, we can look at the effect of the same chromosomes in five distinct lineages. 

Sixteen QTL differed in significance among lineages. For half of these, the QTL was 

significant overall and had a significant QTL by lineage interaction such that when the 

lineages were analyzed separately, the QTL was not significant in all lineages (Table 18). 

QTL effects in these cases were in the same direction in all populations, even if their effects 

were not significant. Such variation among lineages probably reflects a lack of power to 

detect QTL rather than a true difference in QTL effects. 

iv. Different QTL in different families within a lineage: Of the 16 QTL whose 

significance differed between lineages, there were 8 whose significance also varied within 

lineage. The three VS07C families are descendents of a single grandparental cross, so 

represent a limited set of haplotypes. In addition, all F1 dams of the backcross families were 

sisters and all sires were brothers. Thus, we were interested to find variation not just in the 

significance of the QTL associated with phenotypic variation, but also variation in which 

QTL were associated with a trait and in the direction of QTL effects (Table 19).  

While some QTL followed the pattern described above—that is, the QTL appeared to 

have similar effects in different populations but was only significant in one—others had little 

or no effect in the populations where they were not significant. Chromosome H04, for 

example, had no overall effect on assimilation efficiency in VS07 (Figure 13), but had a 

strong Hs-like effect in VS07C1 (Figure 15). Interestingly, the effect of H04 in VS01 males 

appeared to be similar (Figure 14).    

Two QTL had effects in opposite directions in different populations: Chromosome 

H01 had QTL effects on the likelihood of larval feeding in two of the VS07C families, but in 

VS07C1 its presence was associated with Hs-like phenotypes, while in VS07C3 it was 

associated with Hv-like phenotypes. In both cases the QTL effect was significant (p-values of 

permuted F-statistic = 0.0021 and 0.0076, respectively), and the amount of backcross 



 

71 

variation and interspecific difference explained were quite high in relation to the other values 

found in this study. A second chromosome also had opposite QTL effects in different 

populations. In this case, chromosome H03 was associated with Hs-like assimilation 

efficiency in VS07 as a whole and in VS07C1. H03 was also significant in the VS01 population, 

but its effects were in the opposite direction. As with H01, effects were similarly significant 

in the different populations.  

We are unsure how to interpret such diversity of QTL effects within the context of a 

single lineage. In other systems, intraspecific variation in so-called complementary QTL 

(different regions within a chromosome that contain QTL acting in opposite directions) has 

been found to result in QTL with individual effects that are far larger than the effect of the 

chromosome as a whole (Lexer et al. 2005). In our system, such complementary QTL would 

have to be segregating in the F1 population from which dams were taken; in theory, one 

female might inherit + / + QTL on a chromosome while another inherited + / - QTL. 

However, even if complementary QTL for Physalis use are segregating within Hs, it is 

surprising that so much variation could be captured in the full sibling F1 dams; similarly, 

using full sibling Hv fathers should have reduced or eliminated any Hv-origin variation that 

might contribute to QTL by genotype effects.  

Whatever the explanation, it is certainly true that the same Hs-like phenotype could 

be produced by introgressing different Hs chromosomes into the Hv background.  For 

example, chromosome H19 had a strong QTL effect on assimilation efficiency in VS01, but 

no detectable effect in VS07. In VS07, however, several other QTL produced the same 

assimilation efficiency phenotype. Similarly, the number of holes bored in the calyx of 

Physalis was associated with different QTL in VS01 and VS07, but the resulting phenotypes 

were the same.  

 

The effect of sample size 

In 2007, we analyzed 1,147 insects, an almost four-fold increase compared to our 2001 

experiment. By comparing our findings in VS01 and VS07, we can evaluate the effect of 

sample size on our ability to detect QTL. The increase in sample size was almost exactly 
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matched in scale by the increase in the number of QTL detected (14 QTL in VS01, 52 QTL in 

VS07), a striking result that has been observed in at least one other QTL study (Turri et al. 

2001a, b). QTL effect sizes were generally larger in VS01 than in VS07, and 

this was especially true for the smallest effect sizes: in VS07, for example, the smallest QTL 

effect detected was H03, which accounted for 8 percent of the interspecific difference in 

assimilation efficiency; H03 was also the smallest effect detected in VS01, but in that 

population it accounted for 55 percent of the interspecific difference in assimilation 

efficiency. This pattern held true across all traits where QTL were found in both years, with 

the smallest detected QTL explaining from 1½ to 7 times more variation in VS01 than VS07. 

The significance levels of the QTL / phenotype associations were similar across years, and 

the proportion of context-dependent QTL detected did not differ. 

 

QTL effect sizes  

Sixty-one QTL from twenty Hs-origin chromosomes affected variation in the phenotypes we 

measured. QTL effect sizes were generally small when measured as percent of backcross 

variation explained (PVE), but were larger when considered as the percent of interspecific 

difference explained (True et al. 1997; Fishman et al. 2002; Lexer et al. 2005). Because the 

goal of this research is to understand the genetic basis of interspecific variation in an 

ecologically important trait, we feel that expressing the QTL effect in terms of the 

phenotypic gap between Hs and Hv in Physalis use is appropriate.  

QTL effect sizes and the significance of QTL-phenotype association were fairly 

consistent across traits. There were differences between years: due to the small sample size in 

2001, estimates of effect size were probably inflated. For most traits, individual QTL 

accounted for 10 to 40 percent of the interspecific difference, while PVE ranged from 0.5 to 

6 percent. This tendency for QTL to explain more of the phenotypic difference between 

species than within the mapping population is common in QTL studies of undomesticated 

animals (Morjan and Rieseberg 2004), and has also been observed in studies of non-model 

plants (Lexer et al. 2005). One explanation of this phenomena is that studies using outbred 

organisms will usually include QTL associated with both inter- and intraspecific variation in 



 

73 

the parental species (Lynch and Walsh 1998). In the present study, the differences in the 

means between species was less than the variation among backcross progeny, supporting the 

idea that high levels of variation in the backcross population mute the explanatory power of 

QTL when measured as PVE. 

QTL effects were uniformly additive rather than dominant (the backcross design used 

could not detect recessive effects) so that trait values for backcross progeny, which had at 

most one copy of a given Hs chromosome, were intermediate between Hv and Hs (Figure 

17).  No significant interaction was detected between QTL. In the absence of recombination, 

interactions would be between entire chromosomes. Given the number of genes likely to 

reside on each chromosome, it is possible that most interactions occur between limited 

chromosome regions and is impossible to detect in the absence of recombination. A second, 

perhaps more likely, explanation of the absence of QTL*QTL interactions in this study is 

that our mapping population is too small to detect such interactions. 

 

Most QTL affect multiple traits 

Most of the QTL we identified had effects on more than one trait. Sixteen chromosomes each 

had QTL associated with variation in two or more phenotypic traits (Table 20). Seven 

chromosomes had QTL affecting four or more traits, and the modal number of traits affected 

was three. Most of these chromosomes had effects in the same direction: Chromosome H19, 

for example, had QTL associated with increased assimilation efficiency, increased likelihood 

of feeding on Physalis, increased emergence time, and decreased number of holed bored in 

the calyx of Physalis (all of which are Hs-like); in contrast, QTL from chromosome H06 

were all associated with Hv-like phenotypes (increased larval start weight, increased number 

of holes bored in the calyx of Physalis, decreased proportion change in larval weight). QTL 

from Hs chromosomes may produce Hv-like phenotypes because of allelic or epistatic 

interactions with the Hv background, or because they carry genes causing Hv-like phenotypes 

in Hs itself. 

Given that each chromosome comprises about 3% of the Heliothis genome and is 

likely to code for more than 500 genes (plus an unknown number of regulatory regions), it is 
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perhaps not surprising that individual chromosomes affect multiple traits. Yet work in other 

systems has demonstrated that QTL affecting the same phenotype sometimes cluster together 

(Gould et al. 2010; Ferguson et al. 2010; Shaw and Lesnick 2009).  

 

The genetic basis of quantitative variation in ecological adaptation in non-model 

organisms 

Recently, progress has been made in several non-model organisms in determining the genetic 

basis of inter- and intraspecific variation in ecologically relevant traits that appear to be at 

least partially controlled by Mendelian variants. The most advanced findings are in three-

spined sticklebacks, which show extreme morphological variation that is associated with 

adaptation to freshwater versus marine habitats. Over the last decade, researchers have 

moved from identifying several large-effect QTL associated with variation in body armor 

phenotypes (Peichel et al. 2001), to identification of a candidate gene (Shapiro et al. 2004), to 

a wonderfully clear understanding of the evolution and expression of the observed 

phenotypes (Chan et al. 2010). In this case, repeated, independent deletions in a cis-

regulatory region have been facilitated by the presence of a deletion-prone regulatory region 

just upstream of the gene of interest. 

Two examples of ecologically relevant traits with a largely Mendelian inheritance 

pattern have recently been explored in the order Lepidoptera. The genetic basis of resistance 

to Bacillus thuringiensis δ-endotoxin Cry1Ac has been examined in several pestiferous moth 

species, and at least five different modes of resistance are now known to exist (Heckel et al. 

2007; Wu et al. 2009b). In all cases, resistance appears to depend on a single, large-effect 

QTL, but the particular gene involved varies among moth species. In addition, the 

mechanism by which resistance occurs varies intra-specifically in Helicoverpa armigera 

(where both recessive and dominant resistance have been found in different populations) and 

in Heliothis virescens (where resistance is recessive in all populations to date, but is effected 

in different populations by mutations to at least two different genes). 

Most recently, Gould et al.(2010) have identified a QTL associated with 

interspecific variation between Heliothis subflexa and H. virescens in male response to 
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female sex pheromones. In species where mating depends on recognition of con- versus 

contra-specific signals, a shift in pheromone production or preference can result in sexual 

isolation and, potentially, in speciation. The QTL identified by Gould et al. encompasses at 

least four tightly linked odorant receptor (Or) genes, and the presence of this QTL explains a 

substantial portion of the interspecific difference in response to female sex pheromones, 

suggesting that this single QTL might explain reproductive isolation between these closely-

related species. 

Advances have also been made in understanding the genetic basis of traits at the 

quantitative end of the spectrum (where traits are controlled by many QTL of small effect) in 

non-model organisms. In pea aphids, (Hawthorne and Via 2001) found several complexes of 

pleiotropic or closely linked QTL that affect both performance on different host plants and 

habitat selection (which, in the case of pea aphids, leads to assortative mating). In Laupaula, 

a Hawaiian cricket, Shaw and coworkers have examined the genetic basis of male song and 

female song preference. Eight QTL each explain 3 to 11 percent of the interspecific 

difference in the song male crickets use to attract mates (Shaw et al. 2007). Subsequent work 

on the genetic basis of female song preference revealed that male song and female song 

preference are controlled by the same QTL (Shaw and Lesnick 2009), which explains 9 

percent of the variation in male song, and 15 percent of the variation in female preference. 

Either the same genetic variants are responsible for male- and female-specific behaviors in 

Laupaula, or separate, but tightly linked, variants underlie male and female behaviors.  

In Heliconius butterflies, a combination of Mendelian and quantitative effects appears 

to operate. Heliconius species are composed of mimetic races that differ in wing pattern, and 

crossing experiments have demonstrated that Mendelian variants are responsible for much of 

the observed pattern variation (Sheppard et al. 1985). In addition to these major pattern loci, 

however, there is phenotypic variation controlled by modifier QTL that alter the expression 

of Mendelian elements. These various QTL explain from 12 to 20 percent of the variation 

both in intraspecific Heliconius melpomene wing pattern races and between H. melpomene 

and its co-mimic, H. erato; further, the intra- versus interspecific QTL appear to be 

homologous to within a 1 to 2 cM region predicted to contain 30 to 40 genes (Baxter et al. 
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2008). Ferguson and co-workers (Ferguson et al. 2010) used fine-scale linkage mapping to 

determine that two tightly linked QTL are associated with variation in two different aspects 

of wing pattern variation between H. melpomene wing pattern races. In a 1.2 Mb QTL 

region, they identified 28 genes, 6 of which had alternate splice forms, but none of these 

genes was an obvious candidate for variation in wing pattern. Counterman and co-workers 

(Counterman et al. 2010) conducted an association mapping analysis within H. erato, where 

they found strong QTL effects in the homologous region but did not detect any fixed 

relationship between wing pattern variation and single nucleotide polymorphism (SNP) 

variation. They did, however, compare expression levels in the two wing pattern races, and 

found expression levels of one gene, kinesin, varied significantly between the wing pattern 

races. Further evidence of a wing pattern QTL that is shared by several closely related 

species was found by Beldade (Beldade et al. 2009), who determined that wing pattern QTL 

in the butterfly Bicyclus anynana map to a region that is homologous with wing pattern QTL 

in Heliconius.   

 

Implications for evolutionary shifts in host use  

What implications do our results have for the evolution of host use? Given that many of the 

30 Heliothis autosomes were associated with variation in the use Physalis, it would seem that 

evolutionary shifts to use Physalis as a host would be difficult. When one considers the 

overall architecture of Physalis use, however, it appears that adaptation to this host may be a 

mosaic of many minor adaptive loci. Recent work in other insect herbivores (Forister et al. 

2007) has suggested that host plant use consists of a large number of genetically uncorrelated 

traits. In the Hs / Hv system, it does not appear that major, saltational changes (as might be 

involved in cases where the novel host has novel toxins) are required for the use of Physalis 

by a non-adapted species like Hv. Instead, it appears possible that strong selection on Hv for 

use of Physalis might be sufficient to consolidate standing variation in Hv for the panoply of 

phenotypic traits contributing to use of Physalis. Whether such selection would lead to Hs-

like phenotypes, and whether the genetic architecture of these phenotypes would resemble 

that seen in the present study, is the subject of the following chapter. 
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Backcross VS Both 1462
Backcross VS07 2007 1157
Backcross �VS07 2007 648
Backcross �VS07 2007 509
Backcross VS07A 2007 242
Backcross VS07B 2007 211
Backcross VS07C1 2007 219
Backcross VS07C2 2007 243
Backcross VS07C3 2007 242
Backcross VS01 2001 291
Backcross �VS01 2001 160
Backcross �VS01 2001 145
Backcross VS01A 2001 180
Backcross VS01B 2001 125

Hybrid F1 2007 166
Control Heliothis subflexa Both 195
Control Heliothis virescens Both 249
Control Heliothis subflexa 2001 98
Control Heliothis virescens 2001 119
Control Heliothis subflexa 2007 97
Control Heliothis virescens 2007 130

�
�	������ Sample sizes for control, backcross, and F1 insects 
assayed in 2001 and 2007.
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Marker 
Name Gene Description

GenBank 
Accession 
Number

VS07 

Chromosome
VS01 

Chromosome
Forward Primer (5'-3') Reverse Primer (5'-3') 

Cp5 A
H. virescens  partial mRNA for putative 

chemosensory receptor 5 AJ487480 not done H01 GTTCATCAGCTTAATATGGAGCACTT GAACGTATCGCTTCAGTATCAAAGAT

Vgcc Lepidoptera voltage-gated calcium channel DD345735 not done H01 AACTGGATTTACTTTGTGCCTCTC ACTTCCTCTGCTTTACAAATCCAC

Cp4 H. virescens  mRNA for putative 
chemosensory receptor 4 AJ487479 not done H04 TTATACTATAGCAGAGGGCAAAAGAA CATAAATGACTAGAGCCGTTCAAT

Cr2 A
H. virescens  mRNA for putative 

chemosensory receptor 2 AJ487477 not done H04 AATTAGGGCAACTTGTTTGTGAT TTATTTTTGCACCAGATTAAGAAATG

Ddc H. virescens  DOPA decarboxylase (DDC) 
gene, partial U71428 not done H05 CTATGATACGCGTGAAGAAACAAC TGAGGTAACGATATTCAGGACAGA

Cp19 H. virescens  mRNA for putative 
chemosensory receptor 19 AJ748334 not done H06 TTCAAGGTGTTGGAACTGAACTAC GAAGAAGTCCCTACAAACAACACA

Cp14 A
H. virescens  mRNA for putative 

chemosensory receptor 14 AJ748329 not done H07 GTTCACACTGTACCTCACTGG GAACAACATTGGCCCGAATAC

Csp1 H. virescens  chemosensory protein 1 (CSP1) 
gene AY766374 not done H08 CAAGTATGACAACGTAGACCTGGA GTTCTCGAGAGCTTCAATGATGT

Cry1Ac H. virescens  cadherin-like Cry1Ac receptor AY692445 not done H10 TTGGTTTAAAGTCGCTCCAATAGACA AAGTCCAGCATGTGATGGTTCTGCGT

Vatp Vacuolar (V-type) H(+)-ATPase B subunit 
gene

S61797 not done H17 AACTTCGCCATCGTGTTCGCCGCTAT GTGTACATGTAACCTGGGAAACCACG

Hscp H. virescens  voltage-gated sodium channel 
alpha subunit (hscp) gene AF072463 not done H23 CTTATTCAACATCTGTCTGCTGCT GATGTACATGTTGATGACGATGAG

Ryr H. virescens  ryanodine receptor (ryr) AF009346 not done H27 CTTCGTGTTCAACCTGTACAAGG ACTGGTCACGCAGCTCTCCGA

Table 3.2. Gene-based markers.
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Marker 
Name Gene Description

GenBank 
Accession 
Number

VS07 

Chromosome
VS01 

Chromosome
Forward Primer (5'-3') Reverse Primer (5'-3') 

Table 3.2. ��������	.

Abp2 H. virescens  mRNA for antennal binding 
protein (abp2) gene AJ300654 not done H28 CATTGATCCTTGTTTTATGAGCTG TTTGCAGTTGATCTTCAATCATTT

RpL31 H. virescens  mRNA for ribosomal protein L31 
(rl31) gene AJ298149 not done H29 CAACGAAGTTGTAACTCGTG TTCTTGGCTAGCGTCCACAT

Cp11 H. virescens  mRNA for putative 
chemosensory receptor 11 AJ748326 H03 H03 CAGGCATTACGGGTCCAATGG GGTCAAACATCGACACGCTGC

Cp14 B
H. virescens  mRNA for putative 

chemosensory receptor 14 AJ748329 H07 not done GTTCACACTGTACCTCACTGG GTGGTCAGGTTTGCTGGCCTTGG

Cp5 B
H. virescens  partial mRNA for putative 

chemosensory receptor 5 AJ487480 H01 not done CTGTCCTGCTCATGCAACTTC TGCATCATTGCCTTGATCATC

Cr12 H. virescens  mRNA for putative 
chemosensory receptor 12 AJ748327 H18 not done TGGCCTTGGGTGTATCTGCGACAG CTCGATACAGTGTTTGAGCAATCG

Cr18 H. virescens  mRNA for putative 
chemosensory receptor 18 AJ748333 H14 not done TTACCATATCATCAAGGAGCGTG AGGGCCCATAAACGTTCTGCAGCT

Cr2 B
H. virescens  mRNA for putative 

chemosensory receptor 2 AJ487477 H04 not done GAAGCGGCTTACTCCTGCCAGTGG CATGAAGTAGGTTACCACGGCTCC

Csp2 H. virescens  chemosensory protein 2 (CSP2) 
gene AY766375 H08 not done GAAATCTTGGAGTCTCAGCGCCT AAAGCTTTGGTAACTGCGTCTG

Dd23
Developed by the Gould lab (NCSU) from an 

AFLP marker; located on a chromosome 
involved in acetate production

. H06 not done TCCAGGCTTTTCTAATACAACG CCAAACTGACCTTAGGATCTTC

Ef1� H. virescens  elongation factor 1-alpha (EF-
1�)gene, partial U20135 H13 not done GAATTCACAAACAAGGAGTGTG Rev. #1: CAGGTTACAAAATCAGCTGCTA; Rev. #2: 

CAGGTAACAAAATCAGCTGCTA

Snmp H. virescens  mRNA for sensory neuron 
membrane protein-1 (snmp1) gene  AJ251959 H12 not done GGACTGAATCCTGATGTCACCCAA GACAAGTCCTTGAATAGGTCCAGC
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Marker 
Name Gene Description

GenBank 
Accession 
Number

VS07 

Chromosome
VS01 

Chromosome
Forward Primer (5'-3') Reverse Primer (5'-3') 

Table 3.2. ��������	.

�9
Developed by Mike Ward (NCSU), based on 
Helicoverpa zea  acyl-CoA delta-9 desaturase 

mRNA (FBDs) gene
AF272345 H28 not done CAAGTACTCTGAAACGGATGCTG TGATGTTCTTGTCGAAGGCTTGG

Jhbp H. virescens  juvenile hormone binding protein 
mRNA (JHBP) gene U22515 not done unlinked GACTTCAAAATGGATACAGACAAGAA GCAAGGCCTTTTGTAACTCTTCTC
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VS07A VS07B VS07C1 VS07C2 VS07C3 VS01A VS01B

H01 13 9 Cp5 A&B , Vgcc 12 10 12 11 11 7 8

H02 25 14 20 14 19 11 15 16 11

H03 18 10 Cp11 14 13 11 12 12 10 12

H04 12 6 Cr2 A&B , Cp4 9 9 10 8 9 5 10

H05 15 10 Ddc 10 6 8 7 8 6 8

H06 22 9 Dd23, Cp19 11 9 13 10 8 13 8

H07 16 10 Cp14 A&B 10 10 9 11 7 7 8

H08 15 7 Csp2, Csp1 5 2 7 3 9 8 4

H09 16 9 9 11 8 7 6 5 9

H10 28 15 Cry1Ac 15 8 14 9 9 9 12

H11 12 8 9 10 8 11 11 4 6

H12 9 5 Snmp 7 5 8 4 4 5 4

H13 17 12 Jhbp, Ef1� 8 5 6 4 6 7 7

H14 13 11 Cr18 5 6 7 4 4 4 7

H15 13 9 8 9 7 8 8 4 5

H16 12 9 8 8 8 8 8 5 7

H17 11 7 Vatp 7 8 6 4 3 5 6

H18 14 9 Cr12 9 7 7 7 8 6 5

H19 17 13 8 12 8 6 6 5 9

H20 9 6 6 6 5 7 6 3 6

H21 9 6 4 4 4 5 6 6 7

H22 7 7 3 5 3 3 5 3 3

H23 17 8 Hscp 9 11 8 11 11 9 12

H24 10 8 7 5 4 5 7 3 2

H25 15 11 4 5 6 4 7 5 10

H26 14 10 6 6 7 7 6 9 7

H27 12 8 Ryr 6 6 8 6 4 6 7

H28 17 10 �9, Abp2 10 9 12 8 7 7 10

H29 10 7 RpL31 8 7 6 4 6 2 2

Table 3.4. Chromosomes identified in all seven VS backcross families.

# Loci Present in Each Family
Chromosome # AFLP 

Loci 

# AFLP 
Primer 
Pairs

Gene-Based 
Markers
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Heliothis subflexa Heliothis virescens Interspecific 
difference 

Interspecific 
difference 

X  ± 95% CI X  ± 95% CI (Hs  - Hv ) (scaled by joint SD)

2001 1.08 ± 0.1 1.66 ± 0.1 -0.58 <0.0001 -0.98

2007 0.69 ± 0.04 1.58 ± 0.11 -0.89 <0.0001 -1.32

2001 0.84 ± 0.09 0.68 ± 0.07 0.16 <0.0001 0.38

2007 0.98 ± 0.03 0.36 ± 0.11 0.62 <0.0001 1.28

2001 197.93 ± 20.66 233.02 ± 49.53 -35.09 † -0.18

2007 277.98 ± 6.96 300.86 ± 18.6 -22.88 † -0.12

2001 303.95 ± 25.12 19.67 ± 7.89 202.61 0.0002 1.16

2007 367.83 ± 24.95 6.06 ± 5.62 361.77 <0.0001 1.83

2001 0.85 ± 0.21 3.23 ± 0.43 -2.38 <0.0001 -1.07

2007 0.91 ± 0.1 3.7 ± 0.8 -2.79 0.0004 -1.02

2001 5.37 ± 1.7 1.67 ± 2.61 3.71 <0.0001 0.56

2007 4.29 ± 0.23 0.21 ± 0.73 4.09 0.0003 0.58

Emergence Timea days 2007 16.16 ± 0.49 13.27 ± 0.42 2.89 <0.0001 1.35

Pupal Weighta g 2007 263.11 ± 10.86 259.14 ± 8.96 3.97 † 0.10

Pupation Timea days 2007 20.69 ± 0.51 19.26 ± 0.94 1.43 † 0.46

a Only measured in 2007

†Difference not significant

Table ��5. Interspecific means and differences for the phenotypic traits measured in this study. 

Number of Holes in Calyx number of holes

Assimilation Efficiency
mg change in larval 

weight per g Physalis 
fruit consumed

Change in Fruit Weight mg

Proportion Change in Larval 
Weight percent

Larval Start Weight

Year P-value 

mg

Larval Feeding percent

Trait Units
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Larval Start 
Weight

Larval 
Feeding

Proportion 
Change in 

Larval Weight

Change in Fruit 
Weight

Assimilation 
Efficiency

Emergence 
Time

Larval Start Weight �

Larval Feeding 0.18*** �

Proportion Change in 
Larval Weight -0.12*** �1 �

Change in Fruit Weight -0.07** �1 0.25*** �

Assimilation Efficiency 0.13*** �1 0.70*** 0.11*** �

Emergence Time 0.05† 0.05† 0.01† 0.05† 0.02† �

Number of Holes in 
Calyx 0.06** -0.20*** -0.18*** -0.07* -0.14*** 0.0003†

Larval Start Weight �

Larval Feeding -0.10† �

Proportion Change in 
Larval Weight -0.53*** �1 �

Change in Fruit Weight -0.06† �1 0.20** �

Assimilation Efficiency -0.12* �1 0.41*** -0.15* �

Emergence Time 0.19† 0.06† -0.13† -0.07† 0.14† �

Number of Holes in 
Calyx -0.08† 0.28*** 0.12† -0.02† 0.18* 0.06†

Larval Start Weight �

Larval Feeding 0.10† �

Proportion Change in 
Larval Weight -0.06† �1 �

Change in Fruit Weight 0.22*** �1 0.15* �

Assimilation Efficiency -0.06† �1 0.82*** 0.10† �

Emergence Time -0.62* 0.19† 0.46* 0.13† -0.18† �

Number of Holes in 
Calyx -0.11† 0.002† -0.07† -0.006† -0.09† 0.39†

1Only measured when larval feeding occurred

*** p � 0.0001
** p � 0.001

*p  � 0.05
†Correlation not significant 

Table ��6. Kendall correlation coefficients between phenotypic traits measured in�� Heliothis subflex� , Heliothis 
virescens , and VS backcross insects.
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Population  Chromosome

F 
threshold 
p  < 0.05

F 
threshold 
p  < 0.1

Observed 
F F a P F ² P

Additive 
effectb

Backcross 
variation 

explained (%)

Interspecific 
difference 

explainedc (%)

Direction of 
effect 

Significance 
of effect 

�VS01 H01 10.774 9.345 10.840 6.861,127 0.0100 14.68 0.0002 0.22 4.3 16.90 Hv ****
VS01A H01 10.113 8.711 3.721 4.581,172 0.0338 4.37 0.0381 0.17 2.2 29.07 Hv **
VS07C3 H06 9.614 8.340 4.391 3.91,237 0.0494 5.3 0.0221 0.16 1.6 17.94 Hv **
VS07A H10 9.929 8.464 11.947 10.361,242 0.0013 11.25 0.0009 0.21 3.7 23.54 Hv ****
VS07 H16 9.745 8.258 5.773 6.311,1127 0.0121 6.15 0.0133 -0.08 0.5 8.97 Hs **
VS07 H23 9.745 8.258 4.923 5.511,1127 0.0191 4.84 0.028 0.07 0.5 7.85 Hv **

�VS01 H28 10.774 9.345 8.268 4.651,127 0.0300 9.27 0.0028 0.19 2.7 14.59 Hv **
VS01A H28 10.113 8.711 5.917 7.271,172 0.0077 7.64 0.0063 0.20 4.0 34.20 Hv **

Table ��7. QTL affecting larval start weight in VS backcross insects.

aF -value, numerator df, denominator df

Permutation Mixed Model Regression¹ Effect

*p > 0.1 in permutation, p < 0.05 in mixed model, and p > 0.05 in regression

¹Regression model: Larval Start Weight = H01 H03 H06 H10 H16 H22 H23 H28

²F -value numerator df and denominator df are as shown for Mixed Model 

cInterspecific difference explained = (additive effect / interspecific difference)*100
****p < 0.05 in permutation, mixed model and regression
***p < 0.1 in permutation, p < 0.05 in mixed model and regression

bAdditive effect = (average phenotype when chromosome is present - average phenotype when chromosome is absent)

**p > 0.1 in permutation, p < 0.05 in mixed model and regression
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Population  Chromosome

F  threshold 
p  < 0.05

F  threshold p 
< 0.1 Observed F F a P F ² P

Additive 
effectb

Backcross 
variation 

explained (%)

Interspecific 
difference 

explainedc (%)

Direction of 
effect 

Significance 
of effect 

�VS07 H01 9.974 8.566 9.399 6.061,343 0.0143 5.62 0.0184 0.33 1.7 11.59 Hs ***
VS07B H01 10.764 8.464 10.330 7.31,105 0.0080 11.87 0.0008 1.01 9.5 34.92 Hs ***
�VS07 H03 9.974 8.566 15.176 10.911,343 0.0091 11.87 0.0006 0.42 3.1 14.96 Hs ****
�VS07 H05 9.783 8.416 5.181 9.241,292 0.0026 7.19 0.0078 0.43 2.30 14.17 Hs **
VS07 H05 9.780 8.477 8.248 11.681,627 0.0007 8.08 0.0046 0.36 1.8 12.47 Hs **

VS07C1-3 H05 9.839 8.464 10.443 10.461,356 0.0013 4.47 0.0352 0.33 1.2 11.55 Hs ****
�VS07 H14 9.974 8.566 2.822 5.411,335 0.0206 5.13 0.0242 0.31 1.6 10.97 Hs **
�VS07 H15 9.974 8.566 8.235 10.041,335 0.0017 12.04 0.0006 -0.50 3.4 17.69 Hv **
�VS07 H19 9.974 8.566 5.987 4.911,335 0.0274 5.41 0.0206 0.29 1.1 10.26 Hs **
�VS07 H25 9.783 8.416 6.655 6.971,292 0.0087 7.12 0.008 0.43 2.20 14.27 Hs **
�VS07 H26 9.974 8.566 14.293 9.951,335 0.0018 13.37 0.0003 0.39 2.7 13.89 Hs ****

Regression¹ Effect

Table ��8. QTL affecting the time from pupation to emergence in VS backcross insects.

Mixed ModelPermutation

¹Regression model: Emergence Time = H01 H03 H05 H14 H15 H19 H25 H26
aF -value, numerator df, denominator df

***p < 0.1 in permutation, p < 0.05 in mixed model and regression

²F -value numerator df and denominator df are as shown for Mixed Model 
bAdditive effect = (average phenotype when chromosome is present - average phenotype when chromosome is absent)

**p > 0.1 in permutation, p < 0.05 in mixed model and regression
*p > 0.1 in permutation, p < 0.05 in mixed model, and p > 0.05 in regression

cInterspecific difference explained = (additive effect / interspecific difference)*100
****p < 0.05 in permutation, mixed model and regression
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Population  Chromosome

F  threshold 
p  < 0.05

F  threshold 
p  < 0.1 Observed F F a P F ² P

Additive 
effectb

Backcross variation 
explained (%)

Interspecific 
difference 

explainedc (%)

Direction of 
effect 

Significance 
of effect 

VS07C1 H01 9.976 8.464 11.594 9.721,212 0.0021 10.53 0.0014 0.22 5.1 35.41 Hs ****
VS07C3 H01 9.831 8.464 7.964 7.241,240 0.0076 7.77 0.0057 -0.16 3.1 25.98 Hv **

VS07 H10 9.708 8.546 5.628 4.961,1127 0.0261 6.38 0.0117 0.07 0.5 11.37 Hs **
VS07C2 H10 10.234 8.695 6.412 7.71,233 0.0060 8.26 0.0044 0.17 2.8 27.61 Hs **
�VS07 H15 10.159 8.612 7.982 7.261,502 0.0073 6.35 0.0121 0.10 1.3 19.51 Hs **
VS07 H15 9.708 8.546 5.167 5.211,1127 0.0226 4.43 0.0356 0.06 0.5 9.74 Hs **

�VS07 H19 10.103 8.580 12.861 12.181,638 0.0005 12.05 0.0006 0.12 1.8 19.29 Hs ****
VS07 H19 9.708 8.546 13.957 11.521,1127 0.0007 14.31 0.0002 0.10 1.2 16.54 Hs ****

VS07C1-3 H19 9.907 8.464 10.484 9.961,696 0.0017 12.11 0.0005 0.12 1.5 18.88 Hs ****
�VS07 H25 10.159 8.612 8.724 9.681,498 0.0020 8.13 0.0045 0.13 1.9 21.11 Hs ***
VS07 H25 9.708 8.546 8.007 8.771,1127 0.0031 8.14 0.0044 0.07 0.7 11.37 Hs **

VS07B H26 10.213 8.464 9.350 9.511,204 0.0023 10.91 0.0011 -0.20 5.0 32.54 Hv ***
�VS07 H28 10.103 8.580 6.222 6.991,638 0.0084 6.88 0.0089 0.09 0.8 14.79 Hs **
VS07 H28 9.708 8.546 8.770 7.171,1127 0.0075 10.15 0.0015 0.08 0.8 13.22 Hs ***

VS07C1 H28 9.976 8.464 8.715 10.671,212 0.0013 8.94 0.0031 0.20 4.3 32.30 Hs ***
VS07C1-3 H28 9.907 8.464 17.291 16.91,696 < 0.0001 16.44 <.0001 0.14 2.3 23.32 Hs ****
�VS07 H29 10.103 8.580 5.110 5.471,638 0.0196 4.4 0.0364 0.08 0.7 12.75 Hs **
VS07 H29 9.708 8.546 7.598 7.11,1127 0.0078 8.23 0.0042 0.08 0.7 12.99 Hs **

VS07C1 H29 9.976 8.464 9.587 7.231,212 0.0077 6.42 0.012 0.17 3.2 28.17 Hs ***
VS07C1-3 H29 9.682 8.370 4.695 5.381,688 0.0200 4.87 0.0276 0.08 0.8 12.99 Hs **

¹Regression model: Occurrence of Larval Feeding = H01 H10 H15 H19 H23 H25 H26 H28 H29
aF -value, numerator df, denominator df

****p < 0.05 in permutation, mixed model and regression

²F -value numerator df and denominator df are as shown for Mixed Model 
bAdditive effect = (average phenotype when chromosome is present - average phenotype when chromosome is absent)

**p > 0.1 in permutation, p < 0.05 in mixed model and regression
*p > 0.1 in permutation, p < 0.05 in mixed model, and p > 0.05 in regression

Table ��9. QTL affecting the occurrence of larval feeding on  Physalis  in VS backcross insects.

Permutation Mixed Model Regression¹ Effect

cInterspecific difference explained = (additive effect / interspecific difference)*100

***p < 0.1 in permutation, p < 0.05 in mixed model and regression
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Population  Chromosome

F  threshold 
p  < 0.05

F  threshold 
p  < 0.1 Observed F F a P F ² P

Additive 
effectb

Backcross variation 
explained (%)

Interspecific 
difference 

explainedc (%)

Direction of 
effect 

Significance 
of effect 

VS01 H01 9.895 8.291 3.933 4.731,282 0.0305 4.77 0.0297 -0.43 1.2 18.1 Hs **
�VS01 H05 10.197 8.686 4.651 6.581,127 0.0114 4.1 0.0449 -0.59 3.1 42.7 Hs **
VS07 H05 10.222 8.697 8.657 6.231,1127 0.0127 8.62 0.0034 -1.27 0.8 45.5 Hs **

VS07C1-3 H05 9.474 8.387 7.730 5.941,688 0.02 7.6 0.006 -0.45 0.7 16.11 Hs **
�VS07 H05 10.114 8.464 9.595 10.021,638 0.0011 9.9 0.0017 -0.55 1.4 16.88 Hs ***
VS07 H06 10.222 8.697 4.200 4.721,1127 0.0300 4.16 0.0416 0.27 0.4 9.7 Hv **

�VS07 H08 9.792 8.281 3.423 4.311,498 0.0385 4.69 0.0308 0.41 0.9 15.9 Hv **
VS07C3 H11 9.624 8.464 10.867 6.561,237 0.01 5.33 0.0218 -0.82 2.7 29.35 Hs ****
�VS07 H19 10.231 8.464 8.508 4.051,638 0.0446 5.22 0.0226 -0.40 0.8 12.14 Hs ***
VS01 H19 9.895 8.291 4.134 4.791,282 0.0294 5.52 0.0194 -0.46 1.7 19.3 Hs **
VS07 H19 10.222 8.697 5.294 3.941,1127 0.0473 5.41 0.0202 -0.30 0.5 10.9 Hs **

VS07C2 H19 9.991 8.663 4.390 7.481,236 0.0067 9.01 0.003 -0.71 3.6 25.5 Hs **
VS07 H26 10.222 8.697 4.607 7.291,1127 0.0070 5.09 0.0243 0.27 0.6 9.7 Hv **
VS07 H28 10.222 8.697 5.395 5.821,1127 0.0160 5.51 0.0191 -0.32 0.5 11.5 Hs **

�VS07 H29 9.429 8.257 11.831 15.641,638 <0.0001 14.76 0.0001 -0.7 2.2 21.48 Hs ****
VS07 H29 10.222 8.697 8.135 7.351,1127 0.0068 9.47 0.0021 -0.41 2.2 14.7 Hs **

VS07C1-3 H29 9.462 8.362 8.676 10.57,696 0.0013 11.06 0.0009 -0.59 1.5 21.12 Hs ***

Permutation Mixed Model

¹Regression model: Number of Holes in Calyx = H01 H05 H08 H11 H19 H26 H28 H29

*p > 0.1 in permutation, p < 0.05 in mixed model, and p > 0.05 in regression

bAdditive effect = (average phenotype when chromosome is present - average phenotype when chromosome is absent)

****p < 0.05 in permutation, mixed model and regression
***p < 0.1 in permutation, p < 0.05 in mixed model and regression
**p > 0.1 in permutation, p < 0.05 in mixed model and regression

cInterspecific difference explained = (additive effect / interspecific difference)*100

Table ��10. QTL affecting the number of holes bored in the calyx of  Physalis  by VS backcross insects.

Regression¹ Effect

²F -value numerator df and denominator df are as shown for Mixed Model 

aF -value, numerator df, denominator df
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Population  Chromosome

F  threshold 
p  < 0.05

F  threshold p 
< 0.1 Observed F F a P F ² P

Additive 
effectb

Backcross 
variation 

explained (%)

Interspecific 
difference 

explainedc (%)

Direction of 
effect 

Significance 
of effect 

�VS07 H01 9.627 8.327 7.721 8.011,459 0.0049 6.9 0.0089 11.41 1.7 3.44 Hs **
VS07 H01 10.174 8.633 5.585 5.161,779 0.0234 5.21 0.0228 10.47 0.6 2.89 Hs **

�VS07 H04 9.627 8.327 4.233 6.341,459 0.0121 4.86 0.0279 -10.25 1.4 3.09 Hv **
VS07C1 H04 9.813 8.430 6.974 5.41,134 0.0200 6.65 0.0109 -15.50 3.0 4.28 Hv **

VS07 H06 10.174 8.633 4.470 4.51,779 0.0343 4.04 0.0448 -5.30 0.4 1.47 Hv **
�VS07 H08 10.398 8.634 12.337 9.071,324 0.0028 11.16 0.0009 13.62 2.7 3.96 Hs ****
VS07 H08 10.174 8.633 14.817 11.211,779 0.0009 13.86 0.0002 11.10 1.7 3.07 Hs ****
VS07 H13 10.174 8.633 3.621 5.591,779 0.0183 4.49 0.0345 -6.31 0.5 1.74 Hv **

�VS07 H15 9.627 8.327 12.104 11.281,459 0.0009 11.73 0.0007 13.65 2.4 4.12 Hs ****
VS07 H15 10.174 8.633 15.047 11.621,779 0.0007 14.4 0.0002 10.94 1.6 3.02 Hs ****
VS07 H18 10.174 8.633 5.043 4.491,779 0.0343 4.34 0.0376 5.97 0.7 1.65 Hs **

�VS01 H19 9.821 8.478 6.042 9.131,114 0.0020 5.84 0.0173 50.03 7.4 14.55 Hs **
�VS01 H19 10.558 9.132 12.010 17.11,104 0.0002 15.76 0.0001 45.10 13.0 22.26 Hs ****
VS01 H19 9.463 8.362 11.199 21.211,214 <.0001 12.6 0.0005 47.86 5.3 23.62 Hs ****
VS07 H19 10.174 8.633 9.150 5.631,779 0.0179 7.31 0.007 8.23 1.0 2.28 Hs ***

�VS07 H23 9.627 8.327 5.495 4.091,459 0.0438 5.66 0.0178 7.14 0.7 2.15 Hs **
�VS01 H26 9.821 8.478 3.281 4.011,113 0.0476 4.2 0.0427 -35.34 3.4 10.28 Hv **
�VS07 H28 10.398 8.634 5.114 4.451,324 0.0357 4.42 0.0362 8.82 1.3 2.57 Hs **
VS07 H29 10.174 8.633 4.259 5.381,779 0.0206 4.81 0.0285 7.29 0.7 2.02 Hs **

VS07C1-3 H29 9.619 8.177 9.749 9.61,454 0.0020 9.85 0.0018 12.40 2.0 3.43 Hs ****

cInterspecific difference explained = (additive effect / interspecific difference)*100

¹Regression model: Proportion Change in Larval Weight = H01 H04 H06 H08 H13 H18 H19 H23 H26 H28 H29
aF -value, numerator df, denominator df

bAdditive effect = (average phenotype when chromosome is present - average phenotype when chromosome is absent)

Effect

Table ��11. QTL affecting the proportion change in larval weight after 48 hours of feeding on  Physalis  by VS backcross insects.

²F -value numerator df and denominator df are as shown for Mixed Model 

Permutation Mixed Model Regression¹

****p < 0.05 in permutation, mixed model and regression
***p < 0.1 in permutation, p < 0.05 in mixed model and regression
**p > 0.1 in permutation, p < 0.05 in mixed model and regression
*p > 0.1 in permutation, p < 0.05 in mixed model, and p > 0.05 in regression
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Population  Chromosome

F  threshold 
p  < 0.05

F  threshold 
p  < 0.1 Observed F F a P F ² P

Additive 
effectb

Backcross 
variation 

explained (%)

Interspecific 
difference 

explainedc (%)

Direction of 
effect 

Significance 
of effect 

�VS07 H01 9.027 7.915 5.999 4.511,456 0.0343 4.58 0.0329 0.43 1.0 12.26 Hs **
VS07 H01 9.832 8.348 5.790 5.691,775 0.0173 5.64 0.0177 0.35 0.7 8.57 Hs **
VS01 H03 9.655 8.429 4.927 4.521,214 0.0347 4.6 0.033 -2.05 2.40 55.29 Hv **
VS07 H03 9.832 8.348 4.304 5.231,775 0.0225 3.87 0.0494 0.34 0.6 8.32 Hs **

VS07C1 H03 10.190 8.464 6.582 6.171,133 0.0142 5.29 0.023 0.57 2.8 13.95 Hs **
VS07C1-3 H03 9.489 8.172 8.240 7.41,454 0.007 7.41 0.0067 0.5 1.4 12.24 Hs ***
VS07C1 H04 10.190 8.464 11.936 8.641,133 0.0039 9.85 0.0021 -0.75 6.3 18.48 Hv ****
�VS07 H08 9.616 8.290 10.629 10.661,323 0.0012 11.21 0.0009 0.68 3.3 23.85 Hs ****
VS07 H08 9.832 8.348 6.593 5.861,775 0.0157 7.53 0.0062 0.38 0.9 9.30 Hs **

�VS07 H10 9.027 7.915 11.363 11.161,456 0.0009 12.59 0.0004 0.74 2.6 20.99 Hs ****
VS07 H10 9.832 8.348 8.622 6.171,775 0.0132 9.02 0.0028 0.44 1.1 10.85 Hs ***

�VS07 H14 9.027 7.915 4.510 5.141,456 0.0239 4.39 0.0367 0.48 1.1 13.69 Hs **
�VS07 H15 9.027 7.915 13.148 8.351,456 0.0040 9.21 0.0025 0.65 2.0 18.41 Hs ****
VS07 H15 9.832 8.348 14.757 10.131,775 0.0015 12.09 0.0005 0.52 1.5 12.62 Hs ****

VS07C1-3 H15 9.870 8.380 10.049 8.271,456 0.0042 8.3 0.0042 0.52 1.8 12.61 Hs ****
�VS07 H16 9.616 8.290 8.186 6.831,323 0.0094 9.08 0.0028 -1.40 2.4 49.35 Hv **
VS07 H18 9.832 8.348 6.178 5.671,775 0.0174 5.74 0.0168 0.34 0.8 8.32 Hs **
VS01 H19 9.655 8.429 14.548 15.161,214 0.0001 16.46 <0.0001 3.46 6.90 93.38 Hs ****

****p < 0.05 in permutation, mixed model and regression
***p < 0.1 in permutation, p < 0.05 in mixed model and regression
**p > 0.1 in permutation, p < 0.05 in mixed model and regression
*p > 0.1 in permutation, p < 0.05 in mixed model, and p > 0.05 in regression

Effect

bAdditive effect = (average phenotype when chromosome is present - average phenotype when chromosome is absent)
cInterspecific difference explained = (additive effect / interspecific difference)*100

¹Regression model: Assimilation Efficiency = H01 H03 H04 H08 H10 H14 H15 H16 H18 H19 
aF -value, numerator df, denominator df
²F -value numerator df and denominator df are as shown for Mixed Model 

Table ��12. QTL affecting assimilation efficiency of VS backcross insects on  Physalis .

Permutation Mixed Model Regression¹
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Trait Chromosome Year(s) in which QTL 
effect is significant

Population(s) in which QTL effect is 
significant

Direction of QTL 
effect

Assimilation efficiency H03 Both �VS01, VS01, VS07, VS07C1 Both¹

Number of holes bored in calyx H05 Both �VS01, VS07 Hs

Proportion change in larval weight H19 Both VS01, VS07 Hs

Number of holes bored in calyx H19 Both �VS01, VS01 VS07, VS07C2 Hs

Larval start weight H28 Both VS01A, VS07C3 Hv

Table ��13. Chromosomes with QTL effects on the same traits in VS01 and VS07.

¹QTL has Hs effects in VS07,  Hv effects in VS01
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Trait Chromosome Year(s) in which QTL 
effect is significant

Population(s) in which QTL effect is 
significant

Direction of QTL 
effect

Assimilation efficiency H01 2007 �VS07,  VS07 Hs

Assimilation efficiency H18 2007 VS07 Hs

Assimilation efficiency H19 2001 VS01 Hs

Assimilation efficiency H25 2001 �VS01 Hs

Time to emergence H01 2007 �VS07, VS07B Hs

Time to emergence H05 2007 �VS07,  VS07C1-3 Hs

Time to emergence H19 2007 �VS07 Hs

Time to emergence H25 2007 �VS07 Hs

Time to emergence H26 2007 �VS07 Hs

Larval feeding on Physalis H01 2007 VS07C1, VS07C3 Both²

Larval feeding on Physalis H19 2007 �VS07, VS07, VS07C1-3 Hs

Larval feeding on Physalis H25 2007 �VS07, VS07 Hs

Larval feeding on Physalis H26 2007 VS07B Hv

Proportion change in larval weight H01 2007 �VS07, VS07 Hs

Proportion change in larval weight H05 2001 �VS01, VS01 Hs

Proportion change in larval weight H18 2007 VS07 Hs

Proportion change in larval weight H26 2001 �VS01 Hv

Larval start weight H01 2001 VS01A Hv

Larval start weight H03 2001 VS01A Hs

Number of holes bored in calyx H01 2001 VS01 Hs

Number of holes bored in calyx H18 2001 VS01 Hs

Number of holes bored in calyx H26 2007 VS07 Hv

Table ��14. Chromosomes with QTL effects on different traits in VS01 and VS07.

²QTL has Hs effects in VS07C1,  HV effects in VS07C3
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Trait Chromosome Year(s) in which QTL 
effect is significant

Population(s) in which QTL effect is 
significant

Direction of QTL 
effect

Larval start weight H22 2001 VS01 Hs

Assimilation efficiency H04 2007 VS07C1 Hv

Proportion change in larval weight H04 2007 �VS07 Hv

Proportion change in larval weight H06 2007 VS07 Hv

Larval start weight H06 2007 VS07C3 Hv

Number of holes bored in calyx H06 2007 VS07 Hv

Assimilation efficiency H08 2007 �VS07, VS07 Hs

Proportion change in larval weight H08 2007 �VS07, VS07 Hs

Number of holes bored in calyx H08 2007 �VS07 Hv

Assimilation efficiency H10 2007 �VS07, VS07 Hs

Time to emergence H10 2007 �VS07 Hs

Larval feeding on Physalis H10 2007 VS07 Hs

Proportion change in larval weight H13 2007 �VS07, VS07 Hv

Assimilation efficiency H14 2007 �VS07 Hs

Time to emergence H14 2007 �VS07 Hs

Assimilation efficiency H15 2007 �VS07, VS07, VS07C1-3 Hs

Time to emergence H15 2007 �VS07 Hv

Larval feeding on Physalis H15 2007 �VS07, VS07 Hs

Proportion change in larval weight H15 2007 �VS07, VS07 Hs

Assimilation efficiency H16 2007 �VS07 Hv

Larval start weight H16 2007 VS07 Hs

Time from pupation to emergence H20 2007 �VS07 Hs

Time to emergence H23 2007 �VS07 Hs

Larval feeding on Physalis H23 2007 �VS07 Hs

Proportion change in larval weight H23 2007 �VS07 Hs

Larval start weight H23 2007 VS07 Hv

Larval feeding on Physalis H28 2007 �VS07, VS07C1-3 Hs

Proportion change in larval weight H28 2007 �VS07 Hs

Number of holes bored in calyx H28 2007 VS07 Hs

Time to emergence H29 2007 �VS07 Hs

Larval feeding on Physalis H29 2007 �VS07, VS07C1-3 Hs

Proportion change in larval weight H29 2007 VS07 Hs

Number of holes bored in calyx H29 2007 VS07, VS07C1 Hs

Table ��15. Chromosomes with QTL effects in only one year.
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Trait Chromosome Sex in which QTL 
effect is significant Population(s) in which QTL effect is significant Direction of 

QTL effect

Assimilation efficiency H01 Females �VS07,  VS07 Hs

Proportion change in larval weight H01 Females �VS07,  VS07 Hs

Time to emergence H01 Males �VS07, VS07B Hs

Assimilation efficiency H03 Females �VS01,  VS01, VS07, VS07C1 Both¹

Time to emergence H05 Females �VS07,  VS07C1-3 Hs

Proportion change in larval weight H05 Females �VS01,  VS01 Hs

Number of holes bored in calyx H05 Males �VS01, VS07 Hs

Assimilation efficiency H08 Males �VS07, VS07 Hs

Proportion change in larval weight H08 Males �VS07, VS07 Hs

Assimilation efficiency H10 Females �VS07,  VS07 Hs

Proportion change in larval weight H13 Males �VS07, VS07 Hv

Larval feeding on Physalis H19 Females �VS07,  VS07, VS07C1-3 Hs

Number of holes bored in calyx H19 Females �VS07,  VS01, VS07, VS07C2 Hs

Larval feeding on Physalis H25 Males �VS07, VS07 Hs

Larval feeding on Physalis H28 Females �VS07,  VS07C1-3 Hs

Larval feeding on Physalis H29 Females �VS07,  VS07C1-3 Hs

Time to emergence H03 Males �VS07 Hs

Proportion change in larval weight H04 Females �VS07 Hv

Number of holes bored in calyx H08 Males �VS07 Hv

Time to emergence H10 Females �VS07 Hs

Assimilation efficiency H14 Females �VS07 Hs

Time to emergence H14 Males �VS07 Hs

Assimilation efficiency H16 Males �VS07 Hv

Time to emergence H19 Males �VS07 Hs

Time to emergence H20 Males �VS07 Hs

Larval feeding on Physalis H23 Females �VS07 Hs

Proportion change in larval weight H23 Females �VS07 Hs

Time to emergence H23 Males �VS07 Hs

Assimilation efficiency H25 Females �VS01 Hs

Time to emergence H25 Females �VS07 Hs

Proportion change in larval weight H28 Males �VS07 Hs

Time to emergence H29 Females �VS07 Hs

Table ��16. Chromosomes with different QTL significance levels in males and females.

¹QTL has Hs effects in VS07,  HV effects in VS01

94



Trait Chromosome Sex in which QTL 
effect is significant Population(s) in which QTL effect is significant Direction of 

QTL effect

Time to emergence H15 Males �VS07 Hv

Assimilation efficiency H15 Females �VS07,  VS07, VS07C1-3 Hs

Proportion change in larval weight H15 Females �VS07,  VS07 Hs

Larval feeding on Physalis H15 Males �VS07, VS07 Hs

Proportion change in larval weight H26 Females �VS01 Hv

Time to emergence H26 Males �VS07 Hs

Table 3.17. Chromosomes with different QTL effects in males and females.
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Trait Chromosome Grandparental lineage in which QTL 
effect is significant

Population(s) in which QTL effect is 
significant

Direction of 
QTL effect

Larval start weight H01 VS01A VS01A Hv

Time to emergence H01 VS01B �VS07, VS07B Hs

Larval start weight H03 VS01A VS01A Hs

Time to emergence H05 VS07C �VS07, VS07C1-3 Hs

Assimilation efficiency H15 VS07C �VS07, VS07, VS07C1-3 Hs

Larval feeding on Physalis H19 VS07C �VS07, VS07, VS07C1-3 Hs

Larval feeding on Physalis H26 VS07B VS07B Hv

Larval feeding on Physalis H28 VS07C �VS07, VS07C1-3 Hs

Table 3.18. Chromosomes with different QTL significance levels in different lineages.
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Trait Chromosome Grandparental lineage in which QTL 
effect is significant

Population(s) in which QTL effect is 
significant

Direction of 
QTL effect

Larval feeding on Physalis H01 VS07C VS07C1, VS07C3 Both²

Assimilation efficiency H03 VS07C �VS01,  VS01, VS07, VS07C1 Both¹

Assimilation efficiency H04 VS07C VS07C1 Hv

Larval start weight H06 VS07C VS07C3 Hv

Number of holes bored in calyx H19 VS07C �VS07,  VS01, VS07, VS07C2 Hs

Larval start weight H28 VS01A, VS07C VS01A, VS07C3 Hv

Larval feeding on Physalis H29 VS07C �VS07, VS07C1-3 Hs

Number of holes bored in calyx H29 VS07C VS07, VS07C1 Hs

¹QTL has Hs effects in VS07,  Hv effects in VS01

²QTL has Hs effects in VS07C1,  Hv effects in VS07C3

Table ��19. Chromosomes with different QTL significance levels within a single lineage.
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�� ���������Single pair matings in 2001 and 2007. Sex chromosome states are shown only once, but are the same in all seven families. 
WS and ZS are the female and male sex chromosomes from Hs; WV and ZV are the female and male sex chromosomes from Hv. 
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Heliothis virescens

 

�� ���������Relationship between the amount of fruit eaten and the amount of weight 
gained in H. subflexa and H. virescens. For H. subflexa (grey dots) larval weight change = 
0.8 + 5.5 x (amount of fruit eaten); p < 0.0001. For H. virescens (black dots) larval weight 
change = 0.15 + 0.5 x (amount of fruit eaten); p = 0.1. 
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�� �������Larval start weights in backcross insects from 2007 (VS07) and 2001 (VS01) 
in relation to the presence (light bars ± SE) or absence (dark bars ± SE) of Hs 
chromosomes. Bars are mean start weights in milligrams (±SE) for insects with and 
without the Hs chromosome.  
*p � 0.05, **p � 0.01, ***p � 0.001, ****p � 0.0001 

�� ���������Larval start weights in backcross insects from 2007 (VS07) and 2001 (VS01) 
in relation to the presence (light bars ± SE) or absence (dark bars ± SE) of Hs 
chromosomes. Bars are mean start weights in milligrams (±SE) for insects with and 
without the Hs chromosome.  
*p � 0.05, **p � 0.01, ***p � 0.001, ****p � 0.0001 
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�� ������)��Larval start weights in backcross families VS01A and VS07C3 in relation to 
the presence (light bars ± SE) or absence (dark bars ± SE) of Hs chromosomes. Bars 
are mean start weights in milligrams (±SE) for insects with and without the Hs 
chromosome.  
*p � 0.05, **p � 0.01, ***p � 0.001, ****p � 0.0001 
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�� ������.��Time from pupation to emergence in male and female backcross insects 
from 2007 (VS07) in relation to the presence (light bars ± SE) or absence (dark bars ± 
SE) of Hs chromosomes. Bars are mean pupation to emergence times in days (±SE) for 
insects with and without the Hs chromosome. This trait was not measured in 2001.  
*p � 0.05, **p � 0.01, ***p � 0.001, ****p � 0.0001 
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�� ������/��Proportion of backcross larvae from 2007 (VS07) that fed at all on Physalis 
fruits in relation to the presence (light bars ± SE) or absence (dark bars ± SE) of Hs 
chromosomes. Larval feeding was recorded as a binary trait. Bars are mean percent of 
larvae that fed (±SE) for insects with and without the Hs chromosome. No chromosomes 
were significant for larval feeding in the 2001 (VS01) population. 
*p � 0.05, **p � 0.01, ***p � 0.001, ****p � 0.0001 
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�� ������#��Proportion of male and female backcross larvae from 2007 (VS07) that fed at 
all on Physalis fruits in relation to the presence (light bars ± SE) or absence (dark bars ± 
SE) of Hs chromosomes. Larval feeding was recorded as a binary trait. Bars are mean 
percent of larvae that fed (±SE) for insects with and without the Hs chromosome. *p � 0.05, 
**p � 0.01, ***p � 0.001, ****p � 0.0001 
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�� ������:��Number of holes bored in the calyx of Physalis fruits by backcross larvae 
from 2007 (VS07) and 2001 (VS07) in relation to the presence (light bars ± SE) or absence 
(dark bars ± SE) of Hs chromosomes. Bars are mean number of holes (±SE) for insects 
with and without the Hs chromosome. 
*p � 0.05, **p � 0.01, ***p � 0.001, ****p � 0.0001 
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�� ������;��Number of holes bored in the calyx of Physalis fruits by male and female 
backcross larvae from 2007 (VS07) in relation to the presence (light bars ± SE) or absence 
(dark bars ± SE) of Hs chromosomes. Bars are mean number of holes (±SE) for insects 
with and without the Hs chromosome. 
*p � 0.05, **p � 0.01, ***p � 0.001, ****p � 0.0001 
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�� ����������Proportion change in larval weight for backcross larvae from 2007 (VS07) 
and 2001 (VS01) in relation to the presence (light bars ± SE) or absence (dark bars ± SE) 
of Hs chromosomes. Proportion change in larval weight = [(end weight – start weight) / 
start weight] x 100. Bars are mean proportion weight change (±SE) for insects with and 
without the Hs chromosome. 
*p � 0.05, **p � 0.01, ***p � 0.001, ****p � 0.0001 
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�� ����������Proportion change in larval weight for male and female backcross larvae 
from 2001 (VS01) in relation to the presence (light bars ± SE) or absence (dark bars ± SE) 
of Hs chromosomes. Proportion change in larval weight = [(end weight – start weight) / 
start weight] x 100. Bars are mean proportion weight change (±SE) for insects with and 
without the Hs chromosome. 
*p � 0.05, **p � 0.01, ***p � 0.001, ****p � 0.0001 
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�� ����������Proportion change in larval weight for male and female backcross larvae 
from 2007 (VS07) in relation to the presence (light bars ± SE) or absence (dark bars ± SE) 
of Hs chromosomes. Proportion change in larval weight = [(end weight – start weight) / 
start weight] x 100. Bars are mean proportion weight change (±SE) for insects with and 
without the Hs chromosome. 
*p � 0.05, **p � 0.01, ***p � 0.001, ****p � 0.0001 
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�� ����������Assimilation efficiency of backcross larvae from 2007 (VS07) and 2001 
(VS01) in relation to the presence (light bars ± SE) or absence (dark bars ± SE) of Hs 
chromosomes. Assimilation efficiency = [(larval end weight mg – larval start weight mg) 
/ (fruit start weight g – fruit end weight g)]. Bars are mean assimilation efficiency (±SE) 
for insects with and without the Hs chromosome. 
*p � 0.05, **p � 0.01, ***p � 0.001, ****p � 0.0001 
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�� �������)��Assimilation efficiency of male and female backcross larvae from 2001 
(VS01) in relation to the presence (light bars ± SE) or absence (dark bars ± SE) of Hs 
chromosomes. Assimilation efficiency = [(larval end weight mg – larval start weight mg) 
/ (fruit start weight g – fruit end weight g)]. Bars are mean assimilation efficiency (±SE) 
for insects with and without the Hs chromosome. 
*p � 0.05, **p � 0.01, ***p � 0.001, ****p � 0.0001 
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�� �������.��Assimilation efficiency of backcross larvae from family VS07C1 in relation 
to the presence (light bars ± SE) or absence (dark bars ± SE) of Hs chromosomes. 
Assimilation efficiency = [(larval end weight mg – larval start weight mg) / (fruit start 
weight g – fruit end weight g)]. Bars are mean assimilation efficiency (±SE) for insects 
with and without the Hs chromosome. 
*p � 0.05, **p � 0.01, ***p � 0.001, ****p � 0.0001 
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 �� �������/��Assimilation efficiency of male and female backcross larvae from 2007 
(VS07) in relation to the presence (light bars ± SE) or absence (dark bars ± SE) of Hs 
chromosomes. Assimilation efficiency = [(larval end weight mg – larval start weight mg) 
/ (fruit start weight g – fruit end weight g)]. Bars are mean assimilation efficiency (±SE) 
for insects with and without the Hs chromosome. 
*p � 0.05, **p � 0.01, ***p � 0.001, ****p � 0.0001 
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CHAPTER 4: THE GENETIC BASIS OF HOST PLANT USE IN HELIOTHIS 

VIRESCENS: INTRASPECIFIC SELECTION AND QTL MAPPING OF 

PERFORMANCE ON PHYSALIS ANGULATA. 

 

Introduction 

The existence of heritable variation within species in ecologically important traits is one of 

the cornerstones of Darwin’s theory of evolution by natural selection, yet the genetic basis of 

such variation is not well understood in any organism. Few biologists today would deny the 

primacy of natural selection as a generator of behavioral, morphological, and physiological 

adaptations within species or its likely importance to speciation and to differences between 

species, but studies of the genetic basis of intra- versus interspecific variation are lacking. If, 

as Dobzhansky has suggested, species are “not simply assemblages of organisms that are not 

interbreeding, but are distinct life forms with distinct relations to the environment, making a 

living in distinct ways” (Dobzhansky 1937), one might expect that the genetic regions 

responsible for interspecific differences in “ways of making a living” are also involved in 

individual and population-level differences.  

Comparisons of the genetic basis of intra- and interspecific variation in ecologically 

important traits are particularly interesting where closely-related species have diverged 

radically in their adaptation to the environment, because they can provide estimates of the 

genetic architecture of major niche shifts. While most of the genome will likely be conserved 

between closely-related species, genetic differentiation will be found in the regions 

associated with ecological divergence. In such cases, comparison of the quantitative trait loci 

(QTL) responsible for differences between species versus those responsible for phenotypic 

variation within species could also address a longstanding question: whether the same genes 

control the same phenotypes within and between species. 

Determining the genetic basis of variation in ecologically relevant traits has proved 

challenging, because such traits are likely to be complex and suffer from the same difficulties 
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inherent in analysis of all complex traits:  context-dependent effects (Flint & Mackay 2009; 

Mackay et al 2009),  many genes of small effect whose detection depends on sample size 

(Beavis 1994, 1998; Xu 2003) and mapping resolution (Kroymann & Mitchell-Olds 2005; 

Edwards & Mackay 2009), and pleiotropic effects of the genes involved (Ehrenreich et al. 

2010; Edwards et al. 2006; Morozova et al. 2007). The difficulties encountered in studying 

complex traits in model organisms for which extraordinary community resources are 

available cast a sobering light on attempts to find the loci responsible for ecologically 

relevant traits in non-model organisms. Nonetheless, we describe herein an attempt to do so. 

Despite the relative tractability of lepidopteran genetics (discussed in Chapters 2 and 

3 of this dissertation), we do not know the detailed genetic architecture of host plant use for 

any species of moth or butterfly. Differences in host plant use between Heliothis subflexa and 

H. virescens provide a compelling example of closely-related species with strikingly 

divergent ecological adaptations. Within this system, we are attempting to identify the 

genetic changes that underlie intra- and interspecific differences in host use. While such 

changes may or may not contribute to the relatively recent divergence of H. subflexa and H. 

virescens from a shared, generalist ancestor (Mitter et al. 1993; Poole et al., 1993; Fang et al. 

1997; Cho et al. 2008), understanding the genetic architecture of host use is fundamental to 

understanding the evolution of Heliothines, and will contribute to understanding the 

evolution of the Lepidoptera as a whole.   

In previous experiments with interspecific hybrids, we studied the genetic basis of 

differences in host specificity between H. subflexa and H. virescens. In the laboratory, we 

introgressed genes from H. subflexa into the background of H. virescens and assayed 

backcross progeny on Physalis angulata, a novel host plant for H. virescens.  Using AFLP 

markers and polymorphisms in published gene sequences, we made linkage maps for H. 

subflexa and used QTL analysis to determine the genetic architecture of variation in larval 

performance on P. angulata. Because recombination in lepidopterans is restricted to males 

and only the female progeny of H. virescens X H. subflexa crosses are fertile, our results 

were restricted to the effects of introgressed chromosomes.   Nonetheless, we found that 

effects of introgressed chromosomes depended on context, that effect sizes were small and 
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detection of effects depended on sample size, and that several chromosomes affected each 

trait and many chromosomes affected multiple traits.  

In a continuation of this research program, we report here on experiments concerning 

the response to selection within H. virescens for performance on P. angulata and on mapping 

QTL affecting performance in backcross progeny from crosses of  H. virescens control and 

selection lines. Although we do not yet have genomic tools equal to the task of answering 

whether the same QTL are responsible for Physalis use by H. virescens and H. subflexa, our 

current examination of the genetic architecture of Physalis use by H. virescens represents a 

first step toward that goal.   

 

Materials and Methods 

Study system 

Heliothis virescens is a major agricultural pest and has been the subject of much research; 

Heliothis subflexa is not a pest but is closely related to H. virescens, with which it has 99% 

sequence similarity in the genes for which comparisons have been made (Cho et al. 1995; 

Fang et al. 1997). Their geographical ranges overlap broadly (Mitter et al., 1993), and the 

two species are morphologically so similar that H. subflexa was only conclusively identified 

as a separate species in 1941 (McElvare 1941). In the laboratory, H. virescens and H. 

subflexa will hybridize, producing fertile F1 females and sterile F1 males (male fertility is 

restored after several backcross generations) (Karpenko and Proshold 1977). These two 

species are thought to have evolved quite recently (~1 mya) from a shared, generalist 

ancestor (Mitter et al., 1993; Poole et al., 1993; Fang et al. 1997; Cho et al. 2008).  

Despite the similarity between them, H. virescens and H. subflexa differ greatly in 

host range. Heliothis virescens has a very broad host range, feeding on at least 37 species in 

14 plant families, including Nicotiana tabacum (tobacco), Gossypium hirsutum (cotton), 

Glycine max (soybean) and other crops (Sheck and Gould 1993), whereas H. subflexa is 

narrowly specialized on the genus Physalis (Laster et al. 1982).  
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Physalis species are defended by secondary compounds (e.g., withanolides and 

flavonol glycosides) (Shingu et al. 1992; Ismail & Alam 2001) and are unique in having 

physalins, highly-oxygenated C / D secosteroids with potent anti-myobacterial, anti-

trypanosomal, and anti-hepatotoxic properties (Januario et al. 2002; Garcia et al. 2006). The 

specific effects of these defenses on insect herbivores have not been examined, but Physalis 

in the field is typically attacked by few insect herbivores other than H. subflexa (primarily 

Chrysomelid beetles, generalist feeders whose larvae and adults feed on the leaves of 

Physalis (Bateman 2006) and, rarely, an Arctiid moth, a generalist whose larvae have been 

found feeding on the fruits of Physalis (S. J. O. personal observation)), suggesting that 

Physalis is reasonably well defended.  

Even within Physalis, not all species are acceptable to H. subflexa: Bateman (2006) 

used field surveys, common garden experiments, and laboratory feeding assays to examine 

the suitability and acceptability of seventeen different Physalis species of for H. subflexa and 

found that only thirteen of these species were ever used in the field. Of these, three species--

P. angulata, P. philadelphica, and P. pubescens--stood out as (1) harboring the greatest 

number of wild H. subflexa in the field (Bateman 2006); (2) evidencing the greatest 

proportion of fruits damaged by naturally occurring H. subflexa in the field (Bateman 2006; 

Benda 2007); and (3) attracting the greatest number of ovipositions by H. subflexa females in 

the field (Benda 2007). Larval survival of H. subflexa, as measured in laboratory assays, was 

greatest on P. angulata (on which 46 percent of neonates survived to adulthood), followed by 

P. pubescens and P. philadelphica (on which survival from neonate to adult was 34 and 30 

percent, respectively) (Bateman 2006).   

 

Insect strains and rearing 

Our selection line (hereafter referred to as HvSEL) was started with wild H. virescens 

(hereafter referred to as Hv) collected from seven geographical locations and four host plant 

species. Eggs were collected from N. tabacum in North Carolina (three sites) and South 

Carolina, from G. hirsutum in Louisiana, from Abutilon theophrasti (velvetleaf) in 

Mississippi, and from Cicer arietinum (garbanzo bean) in Texas. A total of 786 Hv larvae 
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hatched from the field-collected eggs and were transferred to artificial diet prior to 

undergoing the selection regime described below.  

Control insects originated from colonies maintained at North Carolina State 

University (Sheck et al. 2006; Groot et al. 2009).  Heliothis virescens strain YDK (hereafter 

referred to as HvCONT) was established in 1988 with larvae collected from tobacco in North 

Carolina. The Heliothis subflexa (hereafter referred to as Hs) laboratory colony was 

established in 1997 using larvae collected from P. angulata in South Carolina (Sheck et al. 

2006). Control insects were individually reared on artificial diet as described in Sheck and 

Gould (Sheck and Gould 1993a, 1995). Selection line Hv larvae were reared either on diet or 

on the fruits of P. angulata, as described below. All insects were maintained in a 23º C 

rearing room under a 16:8 light-dark cycle at 50-70 percent relative humidity  

 

Plants and fruits 

Although many species of Physalis will support H. subflexa development, larvae do 

particularly well on P. angulata (Bateman 2006), and we used this species (referred to 

hereafter as Physalis) for all experiments.  Physalis plants were descendants of plants from 

seeds originally collected in Orangeburg County, South Carolina, in 1997.  Seeds were 

planted in flats in the greenhouse until they were 5-cm high. Seedlings were transplanted 

outdoors into 8 liter pots, which were large enough to allow plants to attain sizes typical in 

the field. When possible, seedlings were moved outdoors after transplantation; in winter 

months all plants were reared in the greenhouse. 

Fruits were collected by cutting the stem as close as possible to the plant: this 

procedure minimizes negative effects on the plant, allowing each plant to be used as a fruit 

source for as long as a month (or until all the fruits are used). The entire fruit, calyx, and stem 

were either used immediately or stored in closed paper bags at ambient indoor temperature 

and humidity (20˚ to 24˚ C, 40 to 60 percent humidity) for up to four months.  
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Selection regime 

i. Founders (Generation 0) 

In a first round of selection, larvae from field-collected eggs were maintained individually on 

artificial diet until the 2nd instar, and then transferred to a small container with one Physalis 

fruit. Although selection on 2nd instars is less intense than selection on neonates, we used 2nd 

instars in this first round of selection to ensure sufficient survival rates. Fruits were checked 

daily for consumption and replaced as needed, and larvae were maintained on Physalis until 

they either died or pupated. For each larva, we recorded the following: time from hatching to 

pupation (days); pupal weight (measured 4-6 days after pupation); and time from pupation to 

emergence (days). For each of the seven geographic populations, we recorded the percent of 

larvae that survived to 3rd instar, to pupation, and to adulthood. Ninety-four individuals 

survived to adulthood and were used as parents for the next generation. Because development 

time varied widely among individuals, single pair matings were set up whenever a male and 

female were available. 

 

ii. Generations 1-12 

Starting with the first generation of progeny from our selection line matings, we conducted 

selection by singly placing newly hatched larvae on Physalis fruits in 30ml plastic cups 

closed with a paper lid and maintaining them on fruit until pupation or death. In each 

generation, we recorded time from hatching to pupation, pupal weight, and time from 

pupation to emergence for each surviving insect. Within each generation, we recorded 

survival from neonate to 3rd instar on Physalis. In addition, we measured the oviposition 

preference of the female in each single pair mating: mated pairs were placed in a 4 inch by 8 

inch PVC pipe section with cheesecloth at each end as an oviposition substrate. At one end of 

the pipe, the cheesecloth was coated with a mashed Physalis fruit; at the other end, the 

cheesecloth was untreated. The rough percentage of eggs laid on each substrate was used to 

categorize oviposition preference as Physalis or not Physalis. 
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In each generation, we also tested larval performance on diet. We randomly chose 5 

to 10 percent of the progeny of single pair matings, and measured their phenotypes for each 

the traits described above (except for survival to 3rd instar on Physalis). Comparison of their 

phenotypes to those of their fruit-reared brethren allowed us to determine whether selection 

for performance on Physalis had affected their performance on diet, and whether larval 

conditioning affected oviposition preference.  

Individuals used as parents in each generation were chosen based on survival to 

adulthood, pupal weight, development time, and oviposition preference of their mother. Our 

choice of which individuals to mate to each other was restricted by variation in development 

time. Of the adults available at a given time, we chose individuals with the heaviest pupal 

weights, shortest development times, and whose mothers oviposited preferentially on 

Physalis; however, the only selection criteria that was applied universally was survival on 

Physalis. The number of individuals tested each generation ranged from 54 to 678, and the 

number of single pair matings used to produce the next generation ranged from 7 to 47 

(Table 1). 

 

Backcross matings 

To map the QTL associated with subflexa-like performance on Physalis in HvSEL, we crossed 

HvSEL with HvCONT and backcrossed the progeny to HvCONT (Figure 1). To do this, two 

selection line females from the same family were crossed to control males HvCONT after 12 

generations of selection. The progeny were then used to generate three backcross families, 

one in which an F1 female was crossed to an HvCONT male (family HvSF), and two in which 

an F1 male was crossed to an HvCONT female (families HvSM1 and HvSM2).  

 

Determination of Larval Phenotypes 

In addition to the variables measured during selection, we also conducted additional 

assays of larval performance on Physalis for specific selection generations and crosses to 

gain more precise information. During the sixth and twelfth generations of selection, the 
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performance of Hs, HvCONT, and HvSEL was measured. After the twelfth generation of selection 

when we crossed HvSEL with HvCONT, we measured performance of F1 and backcross larvae. 

Larval performance was evaluated by allowing larvae to feed on a single Physalis fruit for 72 

hours. Newly-hatched larvae were reared on artificial diet and checked daily to determine 

developmental stage. Larvae were assayed 4-8 hours after molting to the 3rd instar: although 

we used 2nd instars in the interspecific study described in Chapter 2 of this dissertation, we 

were concerned that mortality in the intraspecific assays would be high, so used 3rd instars 

here. 

Fresh Physalis fruits were collected less than 1 hour before the start of each assay. 

Because the ability to feed on Physalis involves both behavioral and physiological traits 

(Oppenheim and Gould 2002a, b), larvae were presented with fruits that were still within 

their calyces. To feed on the fruits, larvae had first to bore an entry hole through the calyx. 

Because variation in fruit size and maturity can affect larval performance (Bateman 2006), 

only fruits of similar size (range: 0.8 to 1.8 g) and maturity were used. 

At the beginning of each assay, we recorded larval and fruit weight. All weights were 

measured to the nearest 0.1 mg on a Mettler Toledo microbalance. At the conclusion of each 

assay, we recorded larval weight, fruit weight, and whether any feeding had occurred (judged 

by damage to the fruit, and recorded as 0 or 1). From these data, the following were 

calculated: change in larval weight (larval end weight – larval start weight; mg); change in 

fruit weight (fruit start weight – fruit end weight; g); proportion change in larval and fruit 

weights (weight change / start weight); and assimilation efficiency (mg change in larval 

weight / g change in fruit weight). 

After the assay, larvae were maintained on artificial diet. Insects were held until adult 

emergence before freezing at -80º C. The following traits were measured after the feeding 

assay: time from hatching to pupation (days); pupal weight (measured 4-6 days after 

pupation); sex (determined at the pupal stage); and time from pupation to emergence (days).  
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Extraction of DNA 

We extracted DNA from frozen adults from the three backcross families and their 

immediate ancestors. We used the commercially available Qiagen (Chatsworth, CA) DNeasy 

96 extraction kit, following the following the procedures described in Chapter 3 of this 

dissertation.  

 

AFLP Markers 

After extraction, DNA was prepared for AFLP mapping using a modified version of 

the procedure described by Vos et al. (1995), and following the procedures described in 

Chapter 3 of this dissertation.  

 

Capillary Electrophoresis 

AFLP fragments were separated by capillary electrophoresis on a CEQ 8000, 

following the following the procedures described in Chapter 3 of this dissertation.  

 

Linkage Mapping 

Meiotic recombination has not been found in the females of Lepidoptera (Marec et al. 2010). 

Thus, intact chromosomes are transmitted from mother to offspring, and a mapping strategy 

in which a female F1 is used to generate the backcross population can only resolve linkage 

groups to the level of chromosome. In an intraspecific study such as the one described here, 

however, it is possible to 1) determine which chromosomes contain QTL associated with 

phenotypic variation by using female F1s as backcross parents, and 2) determine the location 

of QTL within a chromosome by using male F1s as backcross parents. In the current study, 

the linkage groups (which correspond to chromosomes) associated with variation in Physalis 

use can be identified in the female-informative family HvSF. In the male-informative families 

HvSM1 and HvSM2, we can identify the specific regions within chromosomes associated with 
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variation in Physalis, because linkage in males depends upon the recombinational distance 

between loci and loci on the same chromosome can be inherited separately.   

We were interested in markers that were absent in the HvCONT grandfathers and HvCONT 

backcross parents, present in the HvSEL grandmothers and HvSEL backcross parents, and 

segregating approximately 1:1 in the HvS backcross families. Because all grandparental 

crosses were of an HvSEL female to an HvCONT male, the F1 mother of female-informative 

family HvSF had a W sex chromosome from HvSEL and a Z sex chromosome from HvCONT. 

Backcrossing the HvSF F1 female to a male HvCONT resulted in female backcross progeny with 

a W chromosome from HvSEL and a Z chromosome from HvCONT, and male backcross progeny 

with both Z chromosomes from HvCONT. In the two male-informative backcross families, 

HvSM1 and HvSM2, the F1 fathers had one Z chromosome from HvSEL and one Z chromosome 

from HvCONT. Backcrossing the HvSM males to HvCONT females resulted in a Z chromosome 

from HvSEL in 50 percent of the female progeny (all of whom had a W chromosome from 

HvCONT) and 50 percent of the male progeny (all of whom had at least one Z chromosome 

from HvCONT) (Figure 1).  

The program JOINMAP (version 3.0), was used in a two-step process to sort our AFLP 

markers into linkage groups. First, using a LOD threshold ≥ 10 and a threshold of 

recombination ≤ 0.5, we identified the linkage groups that originated from the HvSEL 

grandmothers of our backcross families. In the HvSF progeny, linkage between markers on 

the same chromosome should be complete, and the level of recombination between them 

should be zero. In practice, however, missing data and errors in determining marker 

genotypes combine to reduce the association between markers. Thus, small departures from 

the ideal values are treated as experimental error. 

In the second step of linkage mapping, we determined the order of loci within a 

chromosome. Using the progeny of our male-informative crosses, we identified the linkage 

groups that occurred in the male-informative families. Because recombination does occur in 

males, we used a less stringent LOD threshold ≥ 4 for determining linkage in these families. 

Once the linkage groups based on male-informative loci were constructed, we looked for loci 
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that were present in both the male-informative and the female-informative maps. These were 

used as anchors to determine homology between the two map categories.  

We used JOINMAP’s regression mapping algorithm to determine the order of loci 

within a male-informative linkage group. The Kosambi mapping function was used to 

convert recombination frequencies into map distances (centiMorgans).  

 

QTL Mapping  

Because we carried out a large number of tests, our methods were designed to take into 

account the multiple tests performed, both at the level of phenotype (where seven variables 

were recorded and additional ones derived from these) and marker genotype. We used 

permutation thresholds (Churchill and Doerge 1994) to determine empirical significance 

thresholds for QTL -phenotype association tests.  We follow Lander and Kruglyak (1995) in 

classifying QTL as significant (p-value of permuted F statistic < 0.05) or suggestive (0.05 < 

p-value < 0.1). To determine empirical significance thresholds at an experiment-wise error 

rate of α = 0.05 or α = 0.1, we randomly permuted the phenotype data for each variable 

across genotypes. We performed 1000 permutations for each variable, and recorded the 

maximum F statistic generated in each replicate. The resultant population of F statistics was 

then sorted from lowest to highest, and the 900th and 950th greatest F statistics (which 

correspond to p = 0.1 and p = 0.05 experiment-wise Type I error rates) were used as the 

critical threshold for declaring a suggestive or significant chromosome-phenotype 

association.  

To determine whether the effect of a QTL varied between the sexes or among 

backcross families, we conducted a mixed-model analysis of variance for each QTL and trait. 

We used PROC GLIMMIX (SAS 9.2) to evaluate the effect of QTL (fixed), sex (fixed), family 

(random), and their interaction on the observed phenotype. Appropriate distributions were 

specified in cases where the data were non-normally distributed (e.g., Poisson distribution for 

count data). Because our sample sizes were unequal, we used LSMEANS to examine 

differences between means. 
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We corrected for multiple comparisons by using the SIMULATE option; SIMULATE is a 

simulation-based method for controlling the family-wise error rate by estimating the precise 

value of the adjusted p-values given the number of tests performed, and is both more precise 

and more liberal than Bonferroni correction. In practice, the results of Bonferroni and 

simulation-based multiple test corrections are quite similar. All reported p-values are 

corrected for multiple comparisons unless otherwise noted. 

If the QTL effect was significant after correction for multiple tests but other effects 

were not, analysis proceeded using the model phenotype = QTL with the entire data set. 

Where QTL and an additional variable were significant, analysis proceeded with both factors 

in the model (e.g.,, if QTL and QTL*sex were significant, we used the model trait = QTL 

QTL*sex). Effects that were not significant were dropped from the model, and a reduced 

model was used to estimate the effect of QTL on phenotype. 

We evaluated interactions between all QTL that were significant in either the 

permutation or the mixed model analyses. We used ANOVA (PROC GLM in SAS VS.9.2) 

to test for pairwise interactions between significant QTL, using the model phenotype = QTL 

A QTL B (QTL A)*(QTL B). For each trait, all significant QTL were included in a single 

model. We used the SIMULATE option to correct for multiple comparisons.  We further 

evaluated interactions by carrying out regression (PROC REG in SAS VS.9.2) analyses, 

using stepwise selection with the significance level for both entry and retention set at α = 

0.05. 

The effect of each QTL (an entire chromosome in the female-informative families) on 

the associated trait(s) was measured in several ways. We estimated the percent of variation 

explained within the HvS population by comparing the mean phenotypes of “QTL present” 

individuals to those of “QTL absent” individuals, using regression analysis to estimate the 

proportion of backcross variance (expressed as r2) explained by each separate QTL.  The 

phenotypic effect of each QTL was calculated as the average difference between QTL 

present and QTL absent individuals. Then, because the aim of these experiments was to 

understand the genetic basis of differences within Hv that result in Hs-like phenotypes for 

performance on Physalis, we calculated effect sizes relative to interspecific difference 
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between Hs and Hv and to intraspecific difference between HvSEL and HvCONT.  The percent of 

interspecific variation explained by each QTL was estimated as percentage species difference 

= (average effect of QTL / average difference between Hs and Hv) x 100, which can be 

interpreted as the percent of the phenotypic gap between Hs and Hv that is accounted for by a 

given QTL. Within Hv, the percent of intraspecific variation explained by each QTL was 

estimated as percentage intraspecific difference = (average effect of QTL / average difference 

between HvSEL and HvCONT) x 100, which can be interpreted as the percent of the phenotypic 

gap between HvSEL and HvCONT that is accounted for by a given QTL.  

 

Results 

Response to Selection 

Because we are interested in the genetic basis of variation in the traits that distinguish Hs 

from Hv, we first examined interspecific differences in the traits for Hs and unselected Hv. 

The phenotypes of HvCONT also serve as a baseline against which changes in the selection line 

can be measured. Although the traits described below were measured in all generations, we 

report results only for generations 1, 6, 9, and 12 as these show the changes (or lack thereof) 

that occurred.  

About half of the Hs neonates placed on Physalis fruits survived to the 3rd instar 

(mean ± SD: 53 ± 24 percent), while only 5 ± 3 percent of HvCONT neonates survived to this 

stage. After one generation of selection, we tested the 678 neonates that were the progeny of 

the original field-collected population, and they had survival of 14 ± 24 percent. Survival 

rates continued to increase over the course of selection: by generation six, 27 percent of the 

neonates tested survived to the 3rd instar, and by generation twelve, 73 percent of the 

neonates survived (Figure 3). 

The time it takes a larva to reach pupation does not differ between Hs and Hv (26 ± 5 

days for Hs, 25 ± 3 days for Hv). However, we were interested in changes in time to pupation 

over the course of selection both because faster pupation was one of our selection criteria and 

because the comparison of times to pupation for fruit-reared larvae and their diet-reared 
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siblings is one measure of how well-adapted the selection line is to Physalis. Time to 

pupation time did not differ significantly among the selection generations, but diet-reared and 

fruit-reared insects differed both within and across generations (Figure 4). Overall, the fruit-

reared insects took longer to pupate than those reared on diet (28 vs. 24 days, p < 0.0001), 

though larval substrate explained only 6 percent of the variation in pupation time.  

Pupal weight, like pupation time, does not differ between Hs and Hv (Hs: 0.26 ± 0.06 

g; Hv: 0.26 ± 0.007 g), and fruit- and diet-reared selection line pupae did not differ from each 

other. Generation affected pupal weight (Figure 5), but there was no directional trend (i.e., 

generation 6 > 12 > 1 > 9). Overall, selection line pupae weighed less than either Hs or Hv (p 

= 0.05) despite heavier pupal weight being one of our selection criteria.   

The time from pupation to emergence differs between Hs and Hv, with Hs taking 

longer to emerge (Hs: 22 ± 4 days; Hv: 17 ± 2 days). In the first generation of selection, 

average emergence time was 63 days for fruit-reared insects, and 13 days for diet-reared (p < 

0.0001). In subsequent generations, fruit- and diet-reared insects did not differ. Except for the 

difference between generation 1 and subsequent generations, time to emergence did not 

change over the course of selection (Figure 6). 

The oviposition preference of females (measured as a binary trait where preference = 

Physalis or not Physalis) differs between Hs and Hv, with 87 ± 26 percent of Hs and 33 ± 54 

percent of Hv ovipositing on Physalis (p = 0.002). Over the twelve generations of selection, 

oviposition preference did not change. However, fruit-reared and diet-reared insects differed: 

38 ± 49 percent of fruit-reared insects oviposited on Physalis versus 64 ± 49 percent of diet 

reared insects (p = 0.004, r2 = 0.03), and this trend was consistent within each generation 

(Figure 7). 

 

Quantitative Analysis of Phenotypic Traits 

In addition to measuring the traits described above in each selection generation, we also 

conducted assays of  larval performance on Physalis after the 6th and 12th generations of 

selection, and in the backcross progeny of HvSEL x HvCONT crosses.   
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Assimilation efficiency (change in larval weight per unit of fruit consumed) differed 

strongly between species (Hs gained 12.3 ± 3.6 mg per g of fruit consumed; Hv gained 4.7 ± 

2.5 mg per g of fruit; p < 0.0001) and responded to the selection regime (Figure 8).  

Generations 6 and 12 of selection were not significantly different from each other in 

assimilation efficiency (generation 6 gained 10.1 ± 3.8 mg per g of fruit; generation 12 

gained 13.1 ± 6.4 mg per g of fruit), nor did they differ from Hs, but assimilation efficiency 

in both generations was higher than in Hv (p < 0.0001). Differences in larval start weight in 

the selection line affected assimilation efficiency (assimilation efficiency = 3.5 mg + 

(0.3*larval start weight; p < 0.0001).  Assimilation efficiency did not differ significantly 

among the three backcross families (HvSF gained 8.7 ± 5.5 mg per g of fruit; HvSM1 gained 

6.9 ± 3.1 mg per g of fruit; HvSM2 gained 7.9 ± 3.2 mg per g of fruit), or between males and 

females. Variation in larval start weight had a significant effect on assimilation efficiency 

varied with larval start weight (assimilation efficiency = 5.5 mg + (0.4*larval start weight; p 

< 0.0001).  See Figure 8 for assimilation efficiency values in all of the tested populations. 

The weight of larvae at the beginning of the assay did not differ between Hs and Hv 

(Hs: 5.5 ± 2.7 mg; Hv: 5.7 ± 2.5 mg), although our work with 2nd instars (Chapter 3 of this 

dissertation) has shown that there are interspecific differences in start weight at that stage, 

nor were the HvSEL larvae from generation six and twelve different either from each other or 

from the controls. In the backcross families, the larvae from the female-informative family 

HvSF were heavier than those from families HvSM1 and HvSM2, which did not differ from 

each other (HvSF: 5.7 ± 3.2 mg; HvSM1: 3.6 ± 2.0 mg; HvSM2: 3.4 ± 1.5 mg).  Larval weight 

did not differ between the sexes in any population. 

Hs were slightly more likely than Hv to feed on Physalis (larval feeding was 

measured as a discrete trait, and only gauges whether a larva did any damage to a fruit)—

again, this difference was more pronounced in the 2nd instar assays described in Chapter 3. 

Overall, 91 ± 29 percent of Hs and 67 ± 26 percent of Hv fed on Physalis (p = 0.003), and 

this difference was not affected by larval or fruit start weights. The likelihood of feeding did 

not differ between HvSEL larvae from generations 6 and 12 (97 ± 17 percent fed in generation 

6, 96 ± 21 percent fed in generation 12), but HvSEL and HvCONT did differ (p = 0.0007). In the 
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backcross progeny, feeding varied slightly between families (range: 78 percent to 92 percent, 

p = 0.01), and with larval start weight (probability of feeding = 0.7 + (0.035*larval start 

weight); p = 0.0005).  

At the completion of each feeding assay, larvae and fruits were weighed and their 

weight change calculated. Changes in larval weight were only evaluated in larvae that had 

fed, as our goal was to measure performance on Physalis, not starvation tolerance. Similarly, 

changes in fruit weight were only of interest in cases where feeding had occurred (though a 

small set of fruits that had not been fed upon was used as a control for changes in fruit weight 

from desiccation alone).   

Hs and Hv did not differ in the amount of fruit a larva consumed (Hs: 323 ± 191 mg; 

Hv: 345 ± 170 mg), nor did the sexes differ. Although HvSEL larvae ate more than either Hs 

or Hv (420 ± 265 mg), this difference was not significant, nor did the amount eaten change 

over twelve generations of selection. Larval start weight did affect the amount of fruit 

consumed (change in fruit weight = 276 mg + (6*larval start weight); p < 0.0001). Among 

backcross progeny, the three families differed from each other (HvSF: 348 ± 108 mg; HvSM1: 

266 ± 94 mg; HvSM2: 221 ± 77 mg; overall p < 0.0001), and larval start weight affected 

amount of fruit consumed (change in fruit weight = 153 mg + (29*larval start weight); p < 

0.0001). Neither sex nor fruit start weight affected the amount of fruit larvae consumed. 

 The proportion change in larval weight [(change in larval weight / larval start 

weight)*100] was greater for Hs than Hv (262 percent vs. 143 percent, p < 0.0001). Change 

in larval weight did not differ between generation 6 and 12 of selection (generation 6: 82 ± 

122 percent change; generation 12: 108 ± 93 percent change), but HvSEL differed from Hs and 

Hv  (p = 0.001). In the backcross progeny, the proportion change in larval weight did not 

differ among families (HvSF: 129 ± 63 percent; HvSM1: 164 ± 97 percent; HvSM2: 178 ± 122 

percent), and was not affected by sex or fruit start weight. However, the proportion change in 

larval weight decreased with larval start weight (proportion change in larval weight = 227 

percent - (16*larval start weight); p < 0.0001).  

The time from hatching to pupation did not differ between species (Hs = 26.5 days, 

Hv = 25.1 days). In Hv (but not in Hs), time to pupation varied inversely with larval start 
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weight and with proportion change in larval weight (pupation time = 29.5 days - (0.54*larval 

start weight) – (0.01*proportion weight change); p = 0.0005).  Time to pupation did not 

differ between generations of selection, but HvSEL differed from Hs and Hv (HvSEL: 21 ± 4 

days; p = 0.001).  

In the backcross progeny, time to pupation did not vary with family (HvSF: 18.6 ± 

0.12 days; HvSM1: 19.2 ± 0.18 days; HvSM2: 19.3 ± 0.17 days), but backcross insects did 

differ from Hs and Hv (p < 0.0001).  Time to pupation did not vary with larval start weight, 

but did vary inversely with proportion change in larval weight (pupation time = 19.5 days - 

(0.003*proportion weight change); p < 0.0001). Sex and fruit start weight did not affect 

pupation time in any population. 

Pupal weight did not differ among populations (Hs: 0.29 ± 0.04 g; Hv: 0.29 ± 0.03 g; 

HvSEL: 0.28 ± 0.05 g; backcrosses: 0.30 ± 0.03 g). In Hs (but not in any other population), 

pupal weight varied with sex (females: 0.31 ± 0.03 g; males: 0.27 ± 0.03 g; p = 0.004). In the 

backcross families (but not in any other population), pupal weight varied with larval start 

weight (pupal weight = 0.27 g + (0.006*larval start weight); p < 0.0001).  

Time to emergence (measured as days from pupation to emergence) was longer for 

Hs than for Hv (Hs: 16.2 ± 2.6 days; Hv: 13.8 ± 2.1 days; p = 0.001), and differed between 

the sexes (males: 14.4 ± 1.3 days; females: 12.3 ± 1.8 days; p < 0.0001). Generations 6 and 

12 did not differ in time to emergence (generation six: 14.0 ± 2.2 days; generation twelve: 

13.5 ± 2.9 days), nor did they differ from either Hs or Hv. The effect of sex was marginally 

significant (p = 0.01) and was in the same direction as in the control populations. Emergence 

times in the HvSEL population varied inversely with larval start weight, proportion change in 

larval weight, and pupation time (emergence time = 19.3 days - (0.02*larval start weight) - 

(0.007*proportion weight change) - (0.19*pupation time); p < 0.0001).  In the backcross 

insects, times to emergence were faster in family HvSF than in the male-informative families 

(HvSF: 11.2 ± 1.8 days; HvSM1: 12.4 ± 1.4 days; HvSM2: 12.1 ± 1.2 days; p < 0.0001).  In all 

three families, time to emergence varied with sex (males: 12.4 ± 1.8 days; females: 11.1 ± 

1.2 days; p < 0.0001) and with proportion change in larval weight (emergence time = 12.2 

days - (0.003*proportion weight change). 
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We examined the correlation between these traits. Because some of the traits we 

measured reflect a common target of selection (e.g., selection for faster development times 

would involve increased larval growth rates, shorter pupation times, and shorter emergence 

times), we expected to find some correlations between these variables. We also measured 

traits more particularly associated with use of Physalis as a host plant (e.g., willingness to 

feed on Physalis and assimilation efficiency). Since we do not understand the basis of 

specialization on Physalis, it was impossible to predict how these traits might relate to more 

canonical life history traits. Thus, we tested all 25 possible pairwise correlations between 

traits in the selection, backcross, and control populations (Table 4).  HvSEL and backcross 

progeny showed far more correlations between traits (17 and 20 correlations, respectively) 

than HvCONT and Hs (which each had 6 correlations).  Selection on survival, pupal weight, 

development time on Physalis, and maternal preference for oviposition Physalis appears to 

have caused correlated responses in almost all the traits involved in using Physalis that we 

measured.  

 

Linkage Mapping  

The 19 primer pairs yielded a total of 330 informative AFLP markers in the three HvS 

families, though the number of informative markers in each family was lower. Thirty-five 

markers occurred in all three families, and 144 markers occurred in at least two families (see 

Table 2). On average, each marker occurred in 52 percent of the families.  

In family HvSF 207 markers were mapped to 31 linkage groups and 32 markers were 

unlinked (see APPENDIX 3 for details). Because there is no recombination in females, each 

of these linkage groups corresponds to an HvSEL chromosome. The true autosome number in 

heliothines is 30, and there is one pair of homologous sex chromosomes. Of the 31 linkage 

groups in family HvSF, 30 were autosomes (Lg01 through Lg30) and one was the female sex 

chromosome (LgW). We could not map the male sex chromosome in HvSF because all males 

were homozygous for the HvCONT Z chromosome (Figure 1).  

In the two male-informative families, HvSM1 and HvSM2, we first determined linkage 

within each family. We initially found 29 linkage groups in HvSM1 and 33 linkage groups in 
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HvSM2. We then looked for markers that occurred in both families, and used these as anchors 

to establish homology between linkage groups in the two families. Linkage groups with 

anchoring markers were combined using the JOINMAP command ‘‘Combine groups for map 

integration,’’ while groups without anchoring markers remained separate. Fourteen groups 

occurred in both families, while fifteen groups occurred only in HvSM1 and nineteen occurred 

only in HvSM2.  

After independently mapping the female- and male-informative families, we 

integrated the two set of maps (Table 3). We screened the male-informative groups against 

the linkage map based on female-informative markers and used anchoring markers to 

establish homology. Of the 30 autosomes mapped in family HvSF, 24 were present in one or 

both of the male-informative families. The six remaining autosomes from HvSF did not have 

male-informative homologues, possibly because we did not have a large enough number of 

markers to anchor the remaining linkage groups. One linkage group, representing the HvSEL 

male sex chromosome (LgZ) was present only in the male-informative families, where it 

occurred in 50 percent of females and 49 percent of males.   

In the 24 male-informative linkage groups, chromosome size ranged from 15 to 91 

cM, with an average length of 55 cM (Figure 2). Because Lepidoptera tend to have small, 

equally sized chromosomes (Van't Hof et al. 2008), the smaller linkage groups could be a 

result of depauperate marker coverage, rather than an expression of 6-fold variation in the 

size of Hv chromosomes. On the other hand, similar chromosome size ranges have been 

found in Bicyclus anynana (14 – 122 cM, Beldade et al. 2009) and in Papilio canadensis (14 

– 99 cM, Winter and Porter 2010), so the size range we detected may reflect actual variation 

in chromosome sizes. By extrapolating from the average chromosome size, we found a total 

genome size of 1,658 cM. The average distance between markers was 11 cM, though 

distances ranged from 1 to 48 cM. Linkage mapping in other lepidopterans has shown that 

genome size is quite variable, ranging from 1167 cM in Papilio (Winter and Porter 2010) to 

2542 in Colias (Wang and Porter 2004), so our estimate seems reasonable. The genome size 

of Hv is estimated to be 401 Mbp (Taylor et al. 1993), meaning that the recombination rate in 

our mapping population was 243 Kb / cM, somewhat higher than the rates seen in Heliconius 
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butterflies (H. erato: 165 Kb / cM, Tobler et al. 2005; H. melpomene: 180 Kb / cM, Jiggins 

et al. 2005), but quite similar to that of Bombyx mori (297 Kb / cM, Yamamoto et al. 2008). 

 

Association between Chromosomes and Phenotypes  

A total of twenty-one autosomes and the male sex chromosome showed some level of 

association with the phenotypes measured. We calculated the effect of each chromosome as 

(1) the amount of backcross variation explained; (2) the amount of variation between Hs and 

Hv explained; and (3) the amount of variation between HvCONT and HvSEL explained.   

For most traits, different linkage groups were explanatory in different populations. 

Initially, we had planned to only examine the effects of linkage groups that were significant 

in the female-informative family HvSF. However, we found that many loci that were highly 

significant in one population were not significant in the other. This corresponds with our 

experience in QTL mapping in the interspecific study described in Chapter 3, where different 

QTL were significant in different families. Thus, we report all linkage groups and loci that 

had a significant effect on any of the five phenotypic traits that differed between Hs and Hv 

or between HvCONT and HvSEL (see Table 5 for phenotypic means and differences in these three 

populations).  

 

i. Larval feeding 

Larval feeding occurred more frequently in HvSEL and Hs than in HvCONT, and eleven linkage 

groups were associated with backcross variation in larval feeding. Of these eleven linkage 

groups, four had positive effects (i.e., their presence was associated with an increased 

occurrence of larval feeding), six had negative effects, and one had opposite effects in 

different families. Lg11 was identified in all three backcross families, and affected the 

occurrence of larval feeding in two families: in HvSF it was associated with a 9 percent 

decrease in the occurrence of larval feeding (p = 0.03), explaining 3 percent of the backcross 

variance, 35 percent of the difference between Hs and HvCONT, and 30 percent of the 

difference between HvSEL and HvCONT. In the male-informative family HvSM1 (where QTL 
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effects could be localized to a limited region of the linkage group), however, a marker from 

Lg11 was associated with a 19 percent increase in the occurrence of feeding (p = 0.002). The 

presence of this marker explained 12 percent of the backcross variation, 79 percent of the 

interspecific variation, and 67 percent of the intraspecific variation. None of the other four 

markers in Lg11 affected variation in the occurrence of larval feeding.  

Lg16 affected variation in the occurrence of larval feeding in all three families. In 

HvSF, it was associated with a 9 percent decrease in larval feeding, explaining 3.6 percent of 

the backcross variance, 39 percent of the interspecific difference, and 33 percent of the 

intraspecific difference. In HvSM1 and HvSM2, a marker from Lg16 was associated with a 12 

percent decrease in the occurrence of feeding, explaining 3.8 percent of the backcross 

variance, 51 percent of the interspecific difference, and 44 percent of the intraspecific 

difference.  

The remaining loci had effects either in the female-informative families or the male-

informative families, but not both. For example, a marker from Lg18 was associated with a 

36 percent decrease in the occurrence of feeding in HvSM1 and HvSM2; although Lg18 was 

present in all three families, it had no effect on larval feeding in HvSF. LgZ, which we believe 

to be the male sex chromosome, could only be identified in the male-informative families. In 

family HvSM1, but not in HvSM2, it affected variation larval feeding, and was associated with 

a 19 percent increase in the occurrence of larval feeding. The presence of LgZ explained 10.6 

percent of the backcross variation, 76 percent of the difference between Hs and HvCONT, and 

65 percent of the difference between HvSEL and HvCONT. See Table 6 for a summary of the 

effects and significance levels of all QTL affecting variation in the occurrence of larval 

feeding.  

 

ii. Assimilation efficiency 

Assimilation efficiency was much higher in Hs than in HvCONT, and even higher in HvSEL. Four 

linkage groups affected assimilation efficiency in HvSF, one of which also affected 

assimilation efficiency in the two male-informative families. Lg21 was associated with an 

increase of 1.37 mg gained per gram consumed in HvSF, and ATA54_143 (Lg21) was 
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associated with an increase of 1.07 in HvSM1 and HvSM2. In HvSF, the effects of Lg21 

accounted for 2.8 percent of the backcross variance, 18 percent of the interspecific 

difference, and 16 percent of the intraspecific difference. In families HvSM1 and HvSM2, 

ATA54_143 (Lg21) explained 3.4 percent of the backcross variance, 14 percent of the 

interspecific difference, and 13 percent of the intraspecific difference.  

Three linkage groups affected assimilation efficiency in HvSF only. Lg24 (which was 

identified in HvSM1 but not HvSM2) and Lg28 (only identified in HvSF) increased assimilation 

efficiency. Lg24 was associated with an increase of 1.6 mg gained per g consumed and 

explained 2.8 percent of the backcross variance, 21 percent of the interspecific difference, 

and 19 percent of the intraspecific difference. Lg28 was associated with an increase of 1.5 

mg gained per g consumed and accounted for 2.7 percent of the backcross variation, 13 

percent of the interspecific difference, and 11.7 percent of the intraspecific difference. The 

presence of Lg06 resulted in a 1.6 mg decrease in weight gained per g of fruit consumed and 

accounted for 3.7 percent of the backcross variance, 21 percent of the interspecific 

difference, and 24 percent of the intraspecific difference.  

In the male-informative families, 10 markers from 7 linkage groups had significant 

effects. Three markers from Lg18 were significant in HvSM1 and HvSM2: ACg61_214 

(Lg18), AAA49_400 (Lg18), and AgA48_376 (Lg18) are located in a 35 cM region of Lg18 

(which has a total length of about 69 cM). The presence of ACg61_214 (Lg18) was 

associated with an increase of 2 mg gained per g consumed, and explained 5.5 percent of the 

backcross variance, 28 percent of the interspecific difference, and 25 percent of the 

intraspecific difference. AGA48_376 (Lg18) had similar effects: its presence was associated 

with an increase of 2.7 mg, and explained 5.5 percent of the backcross variance, 36 percent 

of the interspecific difference, and 32 percent of the intraspecific difference.  The effect of 

AAA49_400 (Lg18) was also positive, but was less significant than the effects of the other 

Lg18 markers; its presence was associated with an increase of 1 mg, and explained 3 percent 

of the backcross variance, 14 percent of the interspecific difference, and 13 percent of the 

intraspecific difference.    
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Markers from Lg07 and Lg22 were significant in both HvSM1 and HvSM2, while 

several other markers were significant in only one of the two families. The presence of 

AAA60_95 (Lg07) was associated with an increase of 1 mg and explained 2.8 percent of the 

backcross variance, 13 percent of the interspecific difference, and 12 percent of the 

intraspecific difference. AAT48_130 (Lg22) had effects of similar magnitude, but in the 

opposite direction: its presence was associated with a decrease of 1 mg, and explained 2.7 

percent of the backcross variance, 13 percent of the interspecific difference, and 12 percent 

of the intraspecific difference.   

In family HvSM2, markers from Lg13 and Lg20 (both of which were identified in all 

three families) had negative effects on assimilation efficiency: the presence of AAA60_103 

(Lg13) was associated with a decrease of 1.45 mg, and the presence of ATT59_132 (Lg20) 

with a 1.2 mg decrease. A final marker, AAC47_77 (Lg03), was significant in HvSM1 only, 

where its  presence was associated with a decrease of 2 mg and explained 9.7 percent of the 

backcross variance, 27 percent of the interspecific difference, and 24 percent of the 

intraspecific difference. See Table 8 for a summary of the effects and significance levels of 

all QTL affecting variation in assimilation efficiency.  

 

iii. Proportion change in larval weight 

After feeding on a Physalis fruit for 72 hours, the weight of Hs larvae increased by a greater 

percentage than did that of HvCONT; surprisingly, the proportion change in larval weight was 

lower in HvSEL than in HvCONT. Thus, QTL that increase the proportion change in larval weight 

are Hs-like in their interspecific effect, but HvCONT -like in their intraspecific effects. 

In family HvSF, two linkage groups had significant effects on larval weight change. 

Lg06 was associated with a 9 percent decrease in the proportion change in larval weight, and 

accounted for 4 percent of the backcross variation, 7 percent of the difference between Hs 

and HvCONT, and 19 percent of the difference between HvCONT and HvSEL. Lg21 had effects in 

the opposite direction: its presence was associated with an 8.4 percent increase in larval 

weight gain and explained 3.5 percent of the backcross variance, 7 percent of the 

interspecific difference, and 18 percent of the intraspecific difference. 
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In families HvSM1 and HvSM2, two different linkage groups each had two significant 

QTL. On Lg13, the markers AAC48_230 (Lg13) and ATT61_130 (Lg13) are separated by 

about 32 cM. The presence of AAC48_230 (Lg13) was associated with a 15 percent increase 

in proportion change in larval weight. The effects of AAC48_230 (Lg13) accounted for 5 

percent of the backcross variance, 13 percent of the interspecific difference, and 33 percent 

of the intraspecific difference. ATT61_130 (Lg13) had effects in the opposite direction: its 

presence was associated with a 19 percent decrease, and accounted for 8 percent of the 

backcross variance, 16 percent of the interspecific difference, and 41 percent of the 

intraspecific difference. 

Similarly, two markers from Lg23 had opposing effects. Markers AAT48_199 (Lg23) 

and AgA58_236 (Lg23) are about 23 cM apart. In family HvSM1, the presence of 

AAT48_199 (Lg23) was associated with a 37 percent decrease in proportion weight gain and 

accounted for 17 percent of the backcross variation, 31 percent of the interspecific difference, 

and 81 percent of the intraspecific. Conversely, AgA58_236 (Lg23) had significant positive 

effects in both HvSM1 and HvSM2 and was associated with a 39 percent increase in proportion 

weight gain. 

Two other linkage groups had significant effects in the male-informative families. 

ACg61_70 (Lg11) was associated with a 16 percent decrease, and ACg61_214 (Lg18) was 

associated with a 22 percent increase. Three additional markers had significant effects, but 

could not be placed on any of the existing linkage groups. See Table 7 for a summary of the 

effects and significance levels of all QTL affecting variation in proportion change in larval 

weight.  

 

iv. Time to pupation 

Time to pupation did not differ significantly between Hs and HvCONT, so we report only the 

amount of backcross and intraspecific variation explained by the few significant QTL. In 

HvSF, Lg03, Lg14 (which were identified in all three HvS families), and Lg24 (which was 

identified in HvSM1 but not in HvSM2) affected variation in time to pupation. The presence of 

Lg03 was associated with an increase of about half a day, resulting in phenotypes more 
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similar to HvCONT. The effects of Lg03 accounted for 1.7 percent of the backcross variation 

and 12 percent of the intraspecific variation. The presence of Lg14 was associated with a half 

day decrease in pupation time, and explained 4 percent of the backcross variation and 17 

percent of the intraspecific variation. Lg25 also increased the phenotypic resemblance to 

HvSEL, accounting for 3.6 percent of the backcross variation and 13 percent of the 

intraspecific variation. Only one locus affected variation in time to pupation in the male-

informative families: in family HvSM2, the presence of AAT59_228 (Lg16, which was 

identified in all three families) was associated with an increase of almost 1 day in time to 

pupation, explaining 7 percent of the backcross variation and 23 percent of the intraspecific 

variation. See Table 9 for a summary of the effects and significance levels of all QTL 

affecting variation in time to pupation.  

 

v. Time to emergence 

The time from pupation to emergence differed between species (Hs took longer to emerge 

than either of the Hv populations), but did not differ between HvSEL and HvCONT. Three 

linkage groups were associated with variation in the time from pupation to emergence. In 

family HvSF, only Lg06 (which was not identified in either of the male-informative families) 

was significant (p = 0.009). The presence of Lg06 was associated with an increase in 

emergence time of slightly more than half a day. The effects of Lg06 accounted for 4 percent 

of the backcross variation and 25.5 percent of the interspecific variation. 

 In family HvSM1, three markers had a significant effect on emergence time. Two of 

these were from Lg17, located about 8 cM apart. Their effects were in opposite directions: 

AAC47_161 (Lg17) increased emergence time by about a day, while AGT57_164 (Lg17) 

decreased emergence time by 1.2 days. AAC47_77 (Lg03) increased emergence time by a 

little more than half a day. In family HvSM2, the only significant locus was one that we were 

unable to place on a linkage group. See Table 9 for a summary of the effects and significance 

levels of all QTL affecting variation in time to emergence.  
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Discussion  

Understanding the genetic basis of intra- and interspecific variation in host plant use is 

challenging because host use is a complex trait and involves quantitative variation across a 

range of component phenotypes.  A full understanding of the genetic basis of such a complex 

trait may require the identification of tens to hundreds of different QTL (Flint & Mackay 

2009), and must take into account recent trends in QTL mapping results for well-studied 

organisms, namely that QTL are often context-dependent, have very small effect sizes, and 

frequently have pleiotropic effects (see Flint & Mackay 2009 for a thorough review).  

The above patterns are apparent in our results, as well.  There was a correlated 

response to several traits not under direct selection and the same phenotype could be 

produced by different QTL in different families, both of which suggest context-dependent 

effects.  However, a correlated response to selection might also result from pleiotropic effects 

of a given locus on multiple traits or from close linkage between the loci influencing each 

trait.  Given that QTL sometimes affected more than one trait, pleiotropic or linked QTL 

effects seem likely.  Furthermore, different QTL in different families may be a sampling 

issue, rather than a context-dependent effect.   Indeed, several QTL were involved in 

producing Hs-like phenotypes for a given trait, and each QTL explained small to moderate 

amounts of backcross variation, suggesting that larger samples are likely to reveal more 

QTL.    

We selected for survival, pupal weight, development time on Physalis, and maternal 

preference for oviposition Physalis.   This resulted not only in increased survival on Physalis, 

but also in greater tendency to feed, greater larval weight gain, and greater assimilation 

efficiency on Physalis.  However, this is not surprising because increases in survival and 

pupal weight and decrease in development time on Physalis are likely to be realized through 

more frequent and efficient feeding on Physalis.  

Identical phenotypes could be produced by different QTL.  For example, selection 

line alleles for QTL on linkage groups 18, 21, 24, and 28 each had a similar individual effect 

on assimilation efficiency. In contrast, the presence of a single QTL on linkage group 10 

gave an assimilation phenotype higher than the other QTL combined.   
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Twenty-five QTL distributed over 18 chromosomes, as well as 4 QTL associated with 

unlinked markers, affected the traits tested.  The numbers of QTL per trait varied from 16 for 

assimilation efficiency, 13 for the proportion of larvae that fed, 11 for larval weight gain, 5 

for time to emergence, to 4 for time to pupation.  The large number of QTL involved makes 

sense given the potential complexity of the traits evaluated, and the presence of most, if not 

all, selection line alleles was required to reproduce the selection line or Hs phenotypes.   

Besides many QTL affecting a single trait, the converse also held: some QTL affected 

more than one trait.  For example, a single QTL associated with marker Acg61_214 (Lg18) 

affected assimilation efficiency, the proportion of larvae that fed, and larval weight gain in 

the male-informative families. In the female-informative cross (where recombination was 

absent), 4 out of 10 explanatory chromosomes affected more than one trait, probably because 

these chromosomes harbor more than one QTL affecting the traits.  However, in the male-

informative crosses (where recombination was present), only 4 out of 25 QTL affected more 

than one trait.  In previous work on interspecific Heliothis hybrids where we could only map 

to chromosome, 15 out 20 explanatory chromosomes affected two or more traits involved in 

using Physalis.  Our new results suggest that this result could have emerged because 

chromosomes had more than one QTL affecting these traits, rather than because individual 

QTL affected multiple traits.   

In some cases presence of a QTL from the line selected to resemble Hs produced Hv-

like phenotypes in the backcross offspring. The proportion of “wrong” direction QTL varied 

between traits: 60 percent of the QTL affecting the proportion of larvae that fed had Hv-like 

effects, as did 43, 54, 50, and 20 percent of the QTL associated, respectively, with 

assimilation efficiency, proportion change in larval weight, time to pupation, and time to 

emergence.  The high frequency of QTL with Hv-like effects for proportion of larvae that fed 

on Physalis is particularly surprising, given that larvae that did not feed during the selection 

regime would die and thus be strongly selected against.  

In previous experiments with interspecific hybrids, we found cases where a 

chromosome affected different traits in opposite directions, giving Hs phenotypes for one or 

more traits and Hv phenotypes for other traits.  However, in the current experiments, QTL 
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that affected multiple traits or were found in multiple families had effects in the same 

direction across traits and / or families, suggesting that multiple QTL on a chromosome 

affected different traits in opposite directions (as opposed to single QTL whose effects differ 

across traits or genetic backgrounds). Furthermore, in the current study we found individual 

chromosomes with QTL that affected the same trait in opposite directions.  For example, two 

QTL on linkage group 23 were associated with proportion change in larval weight, but one 

was associated with a 39 percent increase (Hs-like) and the other with a 37 percent decrease 

(Hv-like). This creates an obvious problem for QTL analysis at the chromosome level when 

recombination is absent: multiple loci affecting traits in opposite directions could reduce or 

eliminate our ability to detect effects at the chromosome level.    

The QTL we detected had additive effects, and trait values for backcross progeny 

(which had at most one copy of a given HvSEL QTL) were intermediate between HvCONT and 

HvSEL.  Most QTL explained 5-10 percent of variation among backcross progeny (although 

some explained 15-30% of this variation). Phenotypes that resembled generation-12 HvSEL or 

Hs were produced when several HvSEL QTL were inherited together.   Each QTL explained a 

much greater amount of the difference between HvCONT and HvSEL or Hs, probably because 

the differences in the means between species and between HvCONT and HvSEL were less than 

the variation among backcross progeny.  

 

The genetic basis of intra- and interspecific variation 

Whether the same genes control the same phenotypes in different species and populations is, 

to date, an open question. In model organisms—the only systems in which resolution of QTL 

into causal sequence variants is currently feasible—available evidence suggests that the 

sequence positions responsible for phenotypic variation in a given phenotype are generally 

not homologous between species (Flint & Mackay 2009). In non-model organisms, many 

researchers have found that QTL in the same region are associated with phenotypic variation 

in different populations and / or species, but the resolution of these studies is generally to a 

genomic region that harbors many genes and regulatory sequences. This pattern has been 

observed in plants (Mimulus: Fishman et al. 2002; Hall et al. 2006; Helianthus: Lexer et 
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al. 2005), and in insects (Heliconius: Baxter et al. 2010; Counterman et al. 2010) with 

researchers finding that QTL controlling ecologically important variation map to the same 

genomic regions within and between species. 

        Ecologically important traits with Mendelian inheritance patterns have been found to depend 

on the same genes in widely divergent organisms (e.g., coat color variation in beach mice and 

extinct mammoths both involve variation in the Mc1r pigment gene, Manceau et al. 2010). 

Such results are consistent with theory: QTL that are located in coding regions are likely to 

be highly conserved in different lineages, while QTL in regulatory regions will likely be non-

homologous even in closely related species (Siepel et al. 2005). 

        In contrast, there is also strong evidence that apparently identical phenotypes can be 

generated by different mechanisms: in Drosophila. Tanaka et al. (2009) found 

that phenotypically identical male sex combs in different drosophilids are actually the result 

of very different cellular processes. Further, in cases where the same candidate gene is 

implicated in similar phenotypes, the mechanism by which the gene influences phenotype 

may be completely different in different species or populations (e.g., the white phenotype in 

two lizard species involves the same gene, but in one case the causal variant is within the 

coding region, in the other it is in a cis-regulatory region: (Rosenblum et al. 2010). 

         Although we cannot yet determine the homology of QTL responsible for differences in 

use of  Physalis between H.virescens and H. subflexa with those affecting use of Physalis within H. 

virescens, we can compare the genetic architecture of Physalis use at the chromosomal level. 

Because separate species are, by definition, reproductively isolated, theory predicts that 

overall levels of genetic differentiation should be greater between species than within. It has 

been argued that QTL responsible for inter- versus intraspecific variation will follow this 

same pattern, with QTL underlying differences between species tending to be more 

numerous and of larger effect than those responsible for intraspecific polymorphism 

(Rieseberg and Burke 2001; Rieseberg et al. 2004), though our results do not support this.  

In our work on the genetic architecture of host plant use within and between H. 

subflexa and H. virescens, we mapped three traits involving Physalis use in inter- and 

intraspecific backcrosses: assimilation efficiency, proportion change in larval weight, and the 



 

147 
 

occurrence of larval feeding on Physalis. Among interspecific backcrosses, 17 chromosomes 

carried QTL affecting these traits, and among intraspecific backcrosses there were also 17 

chromosomes with QTL affecting these traits.  Thus, despite the 5-fold larger sample sizes 

for the interspecific backcrosses and the expectation that interspecific differences involve 

more QTL, as many chromosomes with QTL were found in the intraspecific backcrosses as 

in the interspecific.  This absence of a sample size effect on the number of QTL detected may 

result from a limitation peculiar to our interspecific backcrosses: whole chromosomes are 

inherited intact, so complementary QTL (those with opposing effects) on a given 

chromosome may cancel each other out. In the male-informative intraspecific backcrosses, 

QTL from the same chromosomes can segregate independently and their individual effects 

can be estimated. Results from the female-informative intraspecific backcross (n = 173), 

support this explanation: 9 chromosomes carried QTL affecting variation in at least one of 

the three traits, compared to 17 chromosomes in the interspecific backcrosses (n = 1462), 

corroborating the effect of sample size on detecting QTL.  

 In any case, for assimilation efficiency, the number of chromosomes harboring QTL 

associated with phenotypic variation was remarkable similar. We found 10 chromosomes 

associated with interspecific differences between H. subflexa and H. virescens, and the 

simultaneous state of eight of these (which was the greatest number that co-occurred in any 

individual in our study) accounted for 37 percent of the backcross variance and 170 percent 

of the interspecific difference. In our intraspecific study, we found 12 QTL associated with 

differences within H. virescens, and the simultaneous state of six of these (the most that co-

occurred) accounted for 49 percent of the backcross variance and 90 percent of the 

intraspecific difference between control and selection lines. In both studies, we found some 

QTL with effects in the “wrong” direction: 3 interspecific and 6 intraspecific chromosomes 

contained QTL associated with phenotypes that were Hv-like rather than Hs-like.    

For occurrence of larval feeding on Physalis, the overall number of chromosomes 

harboring QTL was again similar, but the pattern of effects was quite different. We found 9 

chromosomes associated with interspecific differences between H. subflexa and H. virescens, 

and 11 chromosomes associated with intraspecific differences within H. virescens. Of the 9 
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interspecific chromosomes, only one had QTL effects in the H. virescens direction; in 

contrast, 7 of the 11 intraspecific chromosomes had Hv-like QTL effects. The explanation for 

this may lay in an overall difference between H. subflexa and H. virescens in the willingness 

of larvae to feed: previous studies have found that a surprisingly large percent of H. subflexa 

simply fail to initiate feeding, even on favored hosts (Bateman 2006; Sheck & Gould 1993; 

Laster 1982). It has been suggested (Forister et al. 2007) that one important distinction 

between generalists and specialists is that generalists are indiscriminate feeders while 

specialists feed only upon plants that they recognize as hosts. If this is true in our system, 

selection for adaptation to Physalis in our selection line H. virescens may have been 

accompanied by an overall decrease in willingness to feed that is unrelated to the particular 

host plant but reflective of a typical specialist phenotype. 

 

Implications for the evolution of ecologically important traits  

What implications do our results have for evolutionary shifts in ecologically important traits? 

One striking result from our research is that H. virescens’ response to selection for survival 

on Physalis was relatively rapid and unconstrained, suggesting that standing variation in H. 

virescens would easily allow for evolutionary shifts onto novel host plants. While the 

contribution of QTL from more than half of the 31 Heliothis chromosomes to intraspecific 

variation in Physalis use suggests that adaptation to a novel host cannot proceed as a single 

leap to a new adaptive peak, QTL effects were often additive and of equivalent effect. Thus, 

adaptation to this host may be a mosaic of many minor adaptive loci with incremental effects 

on the ability to use Physalis, allowing gradual adaptation to proceed and suggesting that 

such adaptation would be possible in the field.    

Although we do not yet know whether H. virescens’ response to selection is based on 

the same chromosomes and QTL that are responsible for H. subflexa’s performance on 

Physalis, we can now say that the genetic architecture of intra- and interspecific variation is 

quite similar in terms of the number of loci and effect sizes involved. Although the complex 

nature of host plant use makes it unlikely that all (or even most) of the QTL responsible for 

adaptation to Physalis can be identified, it should be possible in the near future to determine 
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whether variation within and between species in the ability to use Physalis is controlled by 

the same genetic regions.  



Type Generation Single Pair Matings Individuals Assayed 

0 none 786

1 41 678

2 47 141

3 43 136

4 23 61

5 19 54

6 8 443

7 14 115

8 13 96

9 45 163

10 26 101

11 20 73

12 7 90

Hybrid F1 2 55

Female-Informative Backcross BC1 1 173

Male-Informative Backcross BC1 2 181

Heliothis subflexa  Controls . . 138

Heliothis virescens Controls . . 117

Selection

Table ��1. Samples sizes over the course of selection on Hv  for use of Physalis  and subsequent 
backcrossing to identify QTL associated with Physalis  use.
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EcoRI Mse I Total Markers from 
Primer Pair

HvSF HvSM1 HvSM2

CAg 7 6 4 4
CTC 5 0 2 3
CAA 14 8 5 9
CAC 7 14 7 11
CAT 17 16 7 4
CCT 13 11 5 7
CCC 6 5 3 3
Cgg 7 6 2 1
CAC 13 12 6 4
CAg 12 9 6 7
CTA 15 9 6 8
CCg 9 5 5 8
Cgg 5 5 2 1

ACg CTg 9 5 6 6
CCT 14 8 4 10
CTT 9 7 4 5
CAC 12 8 4 8
CgC 8 5 3 4

AgA Cgg 6 1 4 5
AgC CAC 8 7 2 4

CCT 11 10 4 4
Cgg 10 6 6 4
CgT 9 5 5 4
CCg 6 4 3 1
CCT 17 13 7 7
CTg 8 5 3 2
CgC 9 7 4 5
Cgg 7 0 5 4
CTT 9 4 3 5
CCA 10 8 7 4
CTT 10 9 4 3
CTA 16 12 8 7
CTg 12 9 6 4

330 239 152 166

Table ��2. AFLP primer pairs used in generating female- and male-informative linkage maps in in the backcross progeny of Hv SEL x 
Hv CONT matings.

ATC

ATT

Total Markers

ACT

AgA

AgT

ATA

AAC

AAg

Number of loci scored 

AAT

ACA

Primers

AAA
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HvSF HvSM1 HvSM2

Lg01 6 6 4 5 0
Lg02 4 4 4 0 1
Lg03 8 7 5 2 6
Lg04 7 6 6 5 0
Lg05 7 7 6 4 0
Lg06 3 3 3 0 0
Lg07 17 12 4 14 14
Lg08 5 5 5 0 0
Lg09 5 5 4 0 2
Lg10 8 8 8 0 6
Lg11 9 8 6 1 4
Lg12 8 8 8 0 0
Lg13 17 15 9 9 8
Lg14 13 13 9 5 5
Lg15 12 11 9 4 0
Lg16 14 13 9 6 6
Lg17 20 15 10 15 8
Lg18 25 16 10 15 14
Lg19 13 13 12 1 2
Lg20 23 12 13 3 10
Lg21 11 8 4 4 8
Lg22 11 10 8 10 10
Lg23 20 14 15 0 16
Lg24 8 8 7 2 0
Lg25 7 7 5 0 4
Lg26 5 4 4 2 0
Lg27 3 3 3 0 0
Lg28 5 5 5 0 0
Lg29 4 4 2 4 4
Lg30 2 2 2 0 0
LgW2 9 9 9 0 0
LgZ3 14 12 0 5 10

1At  LOD � 10 in HvSF, LOD � 4 in HvSM1 and HvSM2 
2Female sex chromosome, only detectable in HvSF
3Male sex chromosome, only detectable in HvSM1 and HvSM2

Linkage Group1 AFLP Loci in 
Linkage Group

AFLP Primer 
Pairs in Linkage 

Group

Number of Loci Present in Each Family

Table ��3. Linkage groups identified female- and male-informative backcross families
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Larval Start 
Weight

Larval 
Feeding

Pupation 
Time Pupal Weight Emergence 

Time
Change in Fruit 

Weight

Proportion 
Change in 

Larval Weight

Larval Feeding -0.23† �

Pupation Time 0.04† -0.1† �

Pupal Weight 0.21† -0.33† -0.03† �

Emergence Time 0.02† 0.08† 0.15† -0.12† �

Change in Fruit Weight 0.32* �1 0.14† -0.3† -0.03† �

Proportion Change in Larval Weight 0.02† �1 0.08† -0.41* -0.13† 0.34** �

Assimilation Efficiency 0.1† �1 -0.09† -0.12† -0.24† 0.03† 0.6***

Larval Feeding 0.24† �

Pupation Time -0.48** -0.223† �

Pupal Weight 0.1† -0.535† -0.25† �

Emergence Time -0.28† -0.013† 0.31† 0.07† �

Change in Fruit Weight 0.2† �1 -0.28† -0.2† -0.5** �

Proportion Change in Larval Weight -0.1† �1 -0.46* 0.47† -0.37* 0.57** �

Assimilation Efficiency 0.14† �1 -0.38* 0.3† -0.08† 0.02† 0.28†

Larval Feeding 0.17** �

Pupation Time 0.16** 0.01† �

Pupal Weight -0.09† -0.03† -0.33*** �

Emergence Time -0.29*** -0.21** -0.26*** 0.13† �

Change in Fruit Weight 0.46*** �1 0.14* 0.08† -0.27*** �

Proportion Change in Larval Weight 0.19*** �1 -0.005† 0.21* -0.13* 0.6*** �

Assimilation Efficiency 0.58*** �1 0.04† -0.07† -0.21** 0.4*** 0.44***

Larval Feeding 0.19*** �

Pupation Time 0.21*** -0.13* �

Pupal Weight 0.27*** 0.12* 0.01† �

Emergence Time -0.24*** -0.2*** -0.19*** -0.1* �

Change in Fruit Weight 0.41*** �1 0.03† 0.19*** -0.28*** �

Proportion Change in Larval Weight -0.2*** �1 -0.12** -0.02† -0.06† 0.14*** �

Assimilation Efficiency 0.15*** �1 0.11* 0.13** -0.1* 0.02† 0.41***

H
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s

Table ��4. Kendall correlation coefficients between traits measured for QTL mapping. Correlations are shown for Hs, Hv CONT, Hv SEL and Hv S backcross insects.
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1Only measured when larval feeding occurred

*** � 0.0001

** � 0.001

* � 0.05

† = NS
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Hs       
Mean 

HvCONT 

Mean 
HvSEL 

Mean 

Interspecific 
Difference       

(Hs-HvCONT)

p -value of 
interspecific 
difference

Intraspecific 
Difference         

(HvSEL-HvCONT)

p -value of 
intraspecific 
difference

Assimilation Efficiency 12.31 4.67 13.14 7.64 < 0.0001 8.47 < 0.0001

Emergence Time 16.65 14.04 13.65 2.61 0.001 -0.38 ns

Change in Fruit Weight 107.81 115.16 169.15 -7.36 ns 53.99 ns

Larval Feeding 0.91 0.67 0.96 0.24 0.003 0.29 0.0007

Proportion Change in Larval Weight 262.79 142.33 96.37 120.46 < 0.0001 -45.96 0.001

Larval Start Weight 5.47 5.81 5.35 -0.34 ns -0.46 ns

Pupation Time 26.45 25.09 21.67 1.36 ns -3.42 0.001

Pupal Weight 0.26 0.26 0.24 0.01 ns -0.01 ns

Table ��5. Mean phenotypes of Hs, Hv CONT, and Hv SEL insects for traits measured in backcross insects for QTL mapping.
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Population  Marker Linkage group
Additive 

effect 

p -value 
additive 

effect 

Percent BC1 

variance explained

Percent 
interspecific 
difference 
explained

Direction of 
interspecific effect 

Percent 
intraspecific 
difference 
explained 

Direction of 
intraspecific effect 

HvSM1&2 AAT59_175 Unlinked 0.14 0.0022 4.96 58.43 Hs 49.50 HvSEL

HvSF Lg07 0.07 0.0689 2.20 29.48 Hs 24.98 HvSEL

HvSM1 ACT54_190 Lg11 0.19 0.0019 11.68 78.64 Hs 66.63 HvSEL

HvSF Lg14 0.07 0.0704 1.00 29.07 Hs 24.63 HvSEL

HvSM1 AAA60_155 LgZ 0.19 0.0033 10.55 76.32 Hs 64.66 HvSEL

HvSM1 AgT54_92 Lg03 -0.23 0.0031 10.12 93.36 Hv 79.10 HvCONT

HvSM1&2 AgA48_147 Lg10 -0.18 0.001 5.61 76.04 Hv 64.42 HvCONT

HvSF Lg11 -0.09 0.0265 3.10 35.00 Hv 29.65 HvCONT

HvSM1&2 AAT59_228 Lg16 -0.12 0.0053 3.82 51.34 Hv 43.49 HvCONT

HvSF Lg16 -0.09 0.0138 3.60 39.08 Hv 33.11 HvCONT

HvSM1&2 ACg61_214 Lg18 -0.36 <.0001 18.16 150.01 Hv 127.09 HvCONT

HvSM1 AAA60_109 Lg21 -0.27 0.0013 12.88 112.74 Hv 95.52 HvCONT

HvSF Lg25 -0.08 0.041 2.70 32.78 Hv 27.77 HvCONT

HvSM2 AAA49_121 Unlinked -0.14 0.004 8.69 57.27 Hv 48.52 HvCONT

Table ��6. QTL associated with variation in the occurrence of larval feeding on   Physalis angulata .
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Population  Marker Linkage group
Additive 

effect 

p -value 
additive 

effect 

Percent BC1 

variance explained

Percent 
interspecific 
difference 
explained

Direction of 
interspecific effect 

Percent 
intraspecific 
difference 
explained 

Direction of 
intraspecific effect 

HvSF Lg06 -8.90 0.0091 3.90 7.38 Hv 19.35 HvSEL

HvSM1&2 ACg61_70 Lg11 -15.93 0.0024 6.25 13.23 Hv 34.67 HvSEL

HvSM1&2 ATT61_130 Lg13 -18.98 0.0007 7.68 15.76 Hv 41.30 HvSEL

HvSM1&2 AAC48_230 Lg13 15.38 0.004 5.33 12.76 Hs 33.45 HvCONT

HvSM1&2 ACg61_214 Lg18 21.78 0.0022 6.02 18.08 Hs 47.39 HvCONT

HvSF Lg21 8.40 0.0127 3.50 6.98 Hs 18.29 HvCONT

HvSM1 AAT48_199 Lg23 -37.13 0.0006 17.16 30.82 Hv 80.78 HvSEL

HvSM1&2 AgA58_236 Lg23 38.90 <.0001 19.34 32.30 Hs 84.65 HvCONT

HvSM1 ATC56_158 Unlinked 51.42 <.0001 30.50 42.69 Hs 111.89 HvCONT

HvSM2 ACA53_130 Unlinked -22.63 0.0033 12.22 18.78 Hv 49.23 HvSEL

HvSM2 AgT57_162 Unlinked -17.12 0.0077 9.42 14.21 Hv 37.24 HvSEL

Table ��7. QTL associated with variation in the proportion change in larval weight after 72 hours of feeding on  Physalis angulata .
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Population  Marker Linkage group
Additive 

effect 

p -value 
additive 

effect 

Percent BC1 

variance explained

Percent 
interspecific 
difference 
explained

Direction of 
interspecific effect 

Percent 
intraspecific 
difference 
explained 

Direction of 
intraspecific effect 

HvSM1 AAC47_77 Lg03 -2.05 0.0058 9.72 26.79 Hv 24.17 HvCONT

HvSF Lg06 -1.60 0.0358 3.70 21.00 Hv 18.95 HvCONT

HvSM1&2 AAA60_95 Lg07 1.00 0.0241 2.85 13.07 Hs 11.80 HvSEL

HvSM2 AAA60_103 Lg13 -1.45 0.0358 6.33 18.99 Hv 17.14 HvCONT

HvSM1&2 AAA49_400 Lg18 1.07 0.0218 2.98 13.97 Hs 12.61 HvSEL

HvSM1&2 ACg61_214 Lg18 2.12 0.0026 5.48 27.72 Hs 25.01 HvSEL

HvSM1&2 AgA48_376 Lg18 2.73 0.0024 5.51 35.75 Hs 32.27 HvSEL

HvSM2 ATT59_132 Lg20 -1.20 0.0401 6.16 15.65 Hv 14.12 HvCONT

HvSM1&2 ATA54_143 Lg21 1.07 0.0167 3.39 13.95 Hs 12.59 HvSEL

HvSF Lg21 1.37 0.0698 2.80 17.95 Hs 16.20 HvSEL

HvSM1&2 AAT48_130 Lg22 -0.99 0.0267 2.68 12.94 Hv 11.68 HvCONT

HvSF Lg24 1.59 0.037 2.80 20.75 Hs 18.72 HvSEL

HvSF Lg28 1.46 0.0536 3.40 19.13 Hs 17.27 HvSEL

HvSM2 ACT62_100 Unlinked -1.03 0.0768 4.44 13.45 Hv 12.14 HvCONT

Table ��8. QTL associated with variation in the assimilation efficiency of larvae feeding on   Physalis angulata .
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Population  Marker
Linkage 
group

Additive 
effect 

p -value additive 
effect 

Percent BC1 

variance explained

Percent 
interspecific 
difference 
explained

Direction of 
interspecific effect 

Percent 
intraspecific 
difference 
explained 

Direction of 
intraspecific 

effect 

HvSF Lg03 0.40 0.0702 1.70 †¹ †¹ 11.82 HvCONT

HvSF Lg14 -0.57 0.0107 4.00 †¹ †¹ 16.74 HvSEL

HvSM2 AAT59_228 Lg16 0.80 0.0118 6.99 †¹ †¹ 23.37 HvCONT

HvSF Lg24 -0.46 0.042 3.60 †¹ †¹ 13.34 HvSEL

HvSM1 AAC47_77 Lg03 0.61 0.0089 7.88 23.23 Hs †² †²

HvSF Lg06 0.67 0.0095 4.10 25.50 Hs †² †²

HvSM1 AgT57_164 Lg17 -1.23 0.0063 8.50 46.88 Hv †² †²

HvSM1 AAC47_161 Lg17 0.93 0.025 5.36 35.62 Hs †² †²

HvSM2 ATT61_436 Unlinked 0.69 0.006 8.05 26.44 Hs †² †²

Table ��9. QTL associated with variation in development time on   Physalis angulata .

†¹ Average pupation time did not differ between Hs and Hv

†² Average time to emergence did not differ between Hv selection line and Hv controls 
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������������Single pair matings leading to female and male informative backcross families. Sex chromosome states are shown: WS and 
ZS are the female and male sex chromosomes from selection line Hv; WC and ZC are the female and male sex chromosomes from 
unselected Hv. 
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Lg01 Lg03 Lg04 Lg05 

Figure 2. Recombinant linkage groups from male-informative backcross families HvSM1 and HvSM2.  QTL affecting traits 
in male-informative lines are circled and chromosomes affecting traits in female-informative lines are indicated with vertical 
lines (green = assimilation efficiency; red = frequency of feeding; brown = proportion larval weight change; blue = time to 
pupation; purple = time to emergence; solid lines = shift towards HvSEL; dashed lines = shift towards HvCONT). 
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Figure 2. Continued. 
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Lg13 Lg14 Lg15 Lg16 

Figure 2. Continued. 
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Lg17 Lg18 Lg19 Lg20 

Figure 2. Continued. 
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Lg21 Lg22 Lg23 Lg24 

Figure 2. Continued. 
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Lg25 Lg26 Lg29 LgZ 

Figure 2. Continued. 
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Physalis-treated treated substrate. Oviposition tests were conducted in an open tube 
with Physalis-treated cheesecloth covering one end and untreated cheesecloth 
covering the other. Fruit-reared and diet-reared insects were full siblings; after 
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CHAPTER 5: SUMMARY AND FUTURE DIRECTIONS 

Despite the volume of interesting research on lepidopteran genetics and the advantages of 

many small chromosomes and no recombination in females, we do not know the detailed 

genetic architecture of host range for any species of moth or butterfly.  Previous knowledge 

of the genetic architecture of lepidopteran host ranges has been limited mostly to heritability 

estimates, dominance relationships, and location of genes on autosomes versus sex-

chromosomes, although limited QTL mapping has been done. Heritabilities for oviposition 

preference and larval performance vary from high (e.g., 60-90%) to zero.  Dominance 

relationships run the gamut from additive to overdominant. Larval performance tends to be 

controlled by autosomal genes and oviposition preference by sex-chromosome genes, but the 

trend is weak. Evidence has accumulated that differences in host range between closely 

related species and host races has a relatively simple architecture, involving few segregating 

factors (e.g., <10) that may interact epistatically, this conclusion awaited corroboration by 

more detailed analyses, and our results contradict this trend.  Advances in our understanding 

of lepidopteran host range require either much larger experiments or new approaches—and 

probably both. Crosses between closely related species or races that differ in host range can 

provide the strong phenotypic differences and distinct molecular markers that together 

greatly aid in the identification of the genes responsible for differences in host range. 

Furthermore, it is exactly these differences in host range between recently diverged 

populations and species that are most intriguing.  

One of the reasons for our lack of understanding of ecologically relevant traits like 

host range is that they likely are complex and suffer from the same difficulties of all complex 

traits:  context-dependent effects (Flint & Mackay 2009; Mackay et al 2009),  many genes of 

small effect whose detection depends on sample size (Beavis 1994, 1998; Xu 2003) and 

mapping resolution (Kroymann & Mitchell-Olds 2005; Edwards & Mackay 2009), and 

pleiotropic effects of the genes involved (Ehrenreich et al. 2010; Edwards et al. 2006; 

Morozova et al. 2007). Patterns such as these in well-studied organisms for which 
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extraordinary community resources are available cast a sobering light on attempts to find the 

loci responsible for ecologically relevant traits in non-model organisms.  

 

Interspecific differences in host use 

Differences in host plant use between Heliothis subflexa and H. virescens provide a 

compelling example of closely-related species with strikingly divergent ecological 

adaptations. Within this system, I have attempted to identify the genetic changes that underlie 

changes in host use. While such changes may or may not contribute to the well-documented 

speciosity of phytophagous insects, understanding the genetic architecture of host use is 

fundamental to understanding the evolution of Heliothines, and perhaps to understanding the 

evolution of the Lepidoptera as a whole.   

I used a QTL mapping approach to investigate the genetic basis of interspecific 

differences between H. subflexa and H. virescens in use of P. angulata. I introgressed H. 

subflexa genes into the H. virescens background by backcrossing H. subflexa x H. virescens 

hybrids to H. virescens, then examined the effects of QTL from H. subflexa on several traits 

related to use of P. angulata.   However, my ability to map the QTL associated with 

quantitative variation in the use of P. angulata is subject to all the constraints and pitfalls that 

the past two decades of QTL studies have revealed. Unfortunately, this truth was made plain 

to me as I analyzed my first attempt to use QTL mapping to determine the genetic basis of P. 

angulata use. In my first set of experiments (conducted in 2001) I found few QTL for most 

traits, and many QTL were significant in only one sex or family: small sample sizes, 

environmental variation arising from my use of Physalis fruit of different sizes and from 

different plants, and variation in the genetic background of insects used to generate the 

backcross population combined to give us this unsatisfying result. In a subsequent set of 

experiments in 2007, my experimental design took these limiting factors into account.  I used 

larger sample sizes, better control of environmental variation, and reduced background 

genetic variation by using closely related insects.  To my knowledge, this study represents 

the largest sample yet used in efforts to determine the genetic basis of an ecologically 

relevant trait in a non-model animal.  
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I evaluated the effects of Hs-origin QTL in different sexes, in different genetic 

backgrounds, and in different years, and found context-dependent QTL at every level.  Many 

QTL had different size effects, and sometimes even different direction of effects, in males 

and females. Differences in the effects of the same QTL in males and female have been 

documented for many model organisms (Nuzhdin et al. 1997; Ober et al. 2008).  Many QTL 

differed in significance among lineages (progeny from the same grandparental mating). For 

half of these, the QTL was significant overall and had a significant QTL by lineage 

interaction such that when lineages were analyzed separately, the QTL was significant in 

only one lineage. QTL effects in these cases were in the same direction in all populations, 

even if their effects were not significant. Such variation among lineages probably reflects a 

lack of power to detect QTL rather than a true difference in QTL effects.  Size, significance, 

and direction of effects of some QTL varied among families within a lineage.  I am unsure 

how to interpret such diversity of QTL effects within the context of a single lineage. In other 

systems, intraspecific variation in complementary QTL (different regions within a 

chromosome that contain QTL acting in opposite directions) has been found to result in QTL 

with individual effects that are far larger than the effect of the chromosome as a whole (Lexer 

et al. 2005). In my system, such complementary QTL would have to be segregating in the F1 

population from which dams were taken; in theory, one female might inherit + / + QTL on a 

chromosome while another inherited + / - QTL. However, even if complementary QTL for 

Physalis use are segregating within H. subflexa, it is surprising that so much variation could 

be captured in the full sibling F1 dams; similarly, using full sibling H. virescens fathers 

should have reduced or eliminated any Hv-origin variation that might contribute to QTL by 

genotype effects. Whatever the explanation, the same Hs-like phenotype could be produced 

by introgressing different H. subflexa chromosomes into the H. virescens background.   

Although there was overlap in QTL between years, many more QTL were found in 

2007 than 2001.  There may have been significant environmental variation between years, 

but this seems like an unlikely explanation given that almost all of the chromosomes that had 

QTL effects in 2001 also had effects in 2007. Further, where QTL affected different traits in 

2001 and 2007, they almost always affected traits in the same direction.  An alternative 
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explanation is that the effect of Hs-origin QTL depends upon the genetic background into 

which they are introgressed, so that interactions between QTL from H. subflexa and genomic 

elements from H. virescens are partially responsible for the observed phenotypes. Another 

possibility is that the presence of segregating variation with H. subflexa means that the H. 

subflexa chromosomes introgressed in 2001 are not the same as those introgressed in 2007. If 

multiple alleles are segregating in a QTL region, the effect of the QTL will differ depending 

on which allele is present. Such allelic series have been described in other organisms, most 

recently in maize (Buckler et al. 2009) where the presence of multiple variants at a shared 

QTL resulted in very different effects of the same QTL in different populations.   Differences 

in sample size between years may in part explain differences in QTL between years.  Sample 

size was increased almost four-fold from 2001 to 2007, and the increase in the number of 

QTL detected almost exactly matched the increase in sample size, a result observed in other 

QTL studies (Turri et al. 2001a, b).  However, the significance levels of the QTL were 

similar across years, and the proportion of context-dependent QTL detected did not differ. 

QTL effect sizes were small, when measured as percent of backcross variation 

explained, but were larger when considered as the percent of interspecific difference 

explained. QTL effect sizes were consistent across traits. Because of the small sample size in 

2001, estimates of effect size were inflated in 2001. For most traits, individual QTL 

accounted for 10 to 40 percent of the interspecific difference, while backcross variation 

explained ranged from 0.5 to 6 percent. This tendency for QTL to explain more of the 

phenotypic difference between species than within the mapping population is common in 

QTL studies of undomesticated animals (Morjan & Rieseberg 2004), and has also been 

observed in studies of non-model plants (Lexer et al. 2005). One explanation is that studies 

using outbred organisms will usually include QTL associated with both inter- and 

intraspecific variation in the parental species (Lynch & Walsh 1998). In the present study, the 

differences in the means between species was less than the variation among backcross 

progeny, supporting the idea that high levels of variation in the backcross population mute 

the explanatory power of QTL when measured as backcross variation explained.  
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QTL effects were additive rather than dominant (the backcross design could not 

detect recessive effects) so that trait values for backcross progeny, which had at most one 

copy of a given H. subflexa chromosome, were intermediate between H. virescens and H. 

subflexa.  No significant interaction was detected between QTL. In the absence of 

recombination, interactions would be between entire chromosomes. Given the number of 

genes likely to reside on each chromosome, it is possible that most interaction occurs 

between limited chromosome regions and is impossible to detect in the absence of 

recombination. A second, perhaps more likely, explanation of the absence of interaction in 

this study is that my mapping population is too small to detect it.  

Most of the QTL affected multiple traits, and these were usually in the same direction 

(either Hs-like or Hv-like, but not a mix).  Given that each chromosome comprises about 3% 

of the Heliothis genome and is likely to code for more than 500 genes (plus an unknown 

number of regulatory regions), it is perhaps not surprising that individual chromosomes 

affected multiple traits. Yet work in other systems has demonstrated that QTL affecting the 

same phenotype sometimes cluster together (Gould et al. 2010; Ferguson et al. 2010; Shaw & 

Lesnick 2009).  

 

Intraspecific variation in host use 

Comparisons of intra- and interspecific variation in ecologically important traits are 

particularly compelling where closely-related species have diverged radically in their 

adaptation to the environment, because most of the genome likely remains conserved.  In 

such cases, comparison of the QTL responsible for differences between species versus those 

responsible for phenotypic variation within species could potentially address a longstanding 

question: whether the same genes control the same phenotypes within and between species. 

In the experiments with interspecific hybrids, I studied the genetic basis of 

differences in host specificity between H. virescens and H. subflexa. In a continuation of this 

research, I did experiments on the response to selection within H. virescens for ability of 

larvae to feed and develop on P. angulata and on mapping QTL affecting these traits in 

backcross progeny from crosses of  H. virescens control and selection lines. Although I do 
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not yet have genomic tools equal to the task of answering whether the same QTL are 

responsible for Physalis use by H. virescens and H. subflexa, my current examination of the 

genetic architecture of Physalis use by H. virescens represents a first step toward that goal.   

Understanding the genetic basis of intra- and interspecific variation in host plant use 

is impeded because host use is a complex trait and involves quantitative variation across a 

range of component phenotypes.  A full understanding of the genetic basis of such a complex 

trait may require the identification of tens to hundreds of different QTL (Flint & Mackay 

2009), and must take into account recent trends in QTL mapping results for well-studied 

organisms, namely that QTL are often context-dependent, have very small effect sizes, and 

frequently have pleiotropic effects (see Flint & Mackay 2009 for a thorough review). These 

patterns are apparent in my results, as well.  There was a correlated response to several traits 

not under direct selection and the same phenotype could be produced by different QTL in 

different families, both of which suggest context-dependent effects.  However, a correlated 

response to selection might also result from a given QTL affecting more than one trait.  

Furthermore, different QTL in different families may be a sampling issue, rather than a 

context-dependent effect.   Indeed, several QTL were involved in producing Hs-like 

phenotypes for a given trait, and each QTL explained small to moderate amounts of 

backcross variation, suggesting that larger samples are likely to reveal more QTL.    

I selected for survival, pupal weight, development time on Physalis, and maternal 

preference for oviposition Physalis.   This resulted not only in increased survival on Physalis, 

but also in greater tendency to feed, greater larval weight gain, and greater assimilation 

efficiency on Physalis.  However, this is not surprising because increases in survival and 

pupal weight and decrease in development time on Physalis are likely to be realized through 

more frequent and efficient feeding on Physalis.  

The same phenotype could be produced by different QTL.  Furthermore, presence of 

most, if not all selection line alleles, was required to reproduce the selection line or H. 

subflexa phenotypes.  Many QTL distributed across about half of the 31 chromosomes 

affected the traits measured.  The high number of QTL involved makes sense given the 

potential trait complexity.  For example, assimilation efficiency is likely to be affected by 
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many independent enzymatic pathways.  However, the readiness of larvae to feed on 

Physalis fruit may have a relatively simple chemosensory basis, and yet it is affected by 

almost as many QTL as assimilation efficiency.  

Besides many QTL affecting a single trait, the converse also held: some QTL affected 

more than one trait.  In the previous experiments on interspecific hybrids where one could 

only map to chromosome, most explanatory chromosomes affected two or more traits 

involved in using Physalis.  Results from the intraspecific mapping suggest that this was 

because chromosomes had more than one QTL affecting these traits, rather than because 

individual QTL affected multiple traits.   

Some QTL produced Hv-like phenotypes for each trait.  In previous results from 

interspecific hybrids where I could only map to chromosome, some chromosomes affected 

different traits in opposite directions, giving H. subflexa phenotypes for one or more traits 

and H. virescens phenotypes for other traits.  However, in the current experiments, QTL that 

affected multiple traits or were found in multiple families did not have opposite effects, 

which suggests that chromosomes have QTL affecting different traits in opposite directions.  

Furthermore, chromosomes also had QTL affecting the same trait in opposite directions.  

This creates an obvious problem for QTL analysis at the chromosome level when 

recombination is absent: multiple loci affecting traits in opposite directions could reduce or 

eliminate a chromosome-level effect.   

The effects of QTL appeared to act additively or dominantly (the backcross design 

used could not detect recessive effects) so that trait values for backcross progeny, which had 

at most one copy of a given selection line allele, were intermediate between in phenotype.  

Most QTL explained 5-10 percent of variation among backcross progeny, and phenotypes 

that resembled selection line H. virescens or H. subflexa were produced when several 

selection line QTL were inherited together.   Each QTL explained a much greater amount of 

the difference between control H. virescens and selection line H. virescens or H. subflexa 

because the differences in the means between species and between control and selections 

lines were less than the variation among backcross progeny.  
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Whether the same genes control the same phenotypes in different species and 

populations is, to date, an open question. In model organisms—the only systems in which 

resolution of QTL into causal sequence variants is currently feasible—available evidence 

suggests that the sequence positions responsible for phenotypic variation in a given 

phenotype are generally not homologous between species (Flint & Mackay 2009). In non-

model organisms, many researchers have found that QTL in the same region are associated 

with phenotypic variation in different populations and / or species, but the resolution of these 

studies is generally to a genomic region that harbors many genes and regulatory sequences. 

This pattern has been observed in plants (Mimulus: Fishman et al. 2002, Hall et al. 2006; 

Helianthus: Lexer et al. 2005), and in insects (Heliconius: Baxter et al. 2010; Counterman et 

al. 2010) with researchers finding that QTL controlling ecologically important variation map 

to the same genomic regions within and between species. 

Although I cannot yet determine the homology of QTL responsible for differences in 

use of Physalis between H. virescens and H. subflexa with those affecting use of Physalis 

within H. virescens, I can compare the genetic architecture of Physalis use at the 

chromosomal level. Because separate species are, by definition, reproductively isolated, 

theory predicts that overall levels of genetic variation should be greater between species than 

within. It has been argued that QTL responsible for inter- versus intraspecific variation will 

follow this same pattern, with QTL underlying differences between species tending to be 

more numerous and of larger effect than those responsible for intraspecific polymorphism 

(Rieseberg & Burke 2001; Rieseberg et al. 2004).  

In my work on the genetic architecture of host plant use within and between H. 

subflexa and H. virescens, I mapped two traits involving Physalis use in both inter- and 

intraspecific backcrosses: assimilation efficiency and proportion of larvae feeding on 

Physalis. Despite the 5-fold larger sample sizes for the interspecific backcrosses and the 

expectation that interspecific differences involve more QTL, more chromosomes with QTL 

were found in the intraspecific backcrosses.  This absence of a sample size effect on the 

number of QTL detected may result from a limitation peculiar to my interspecific 

backcrosses: whole chromosomes are inherited intact, so complementary QTL on a given 
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chromosome may cancel each other out. In the male-informative intraspecific backcrosses, 

QTL from the same chromosomes can segregate independently and their individual effects 

can be estimated. Results from the female-informative intraspecific backcross, support this 

explanation: half as many chromosomes carried QTL affecting assimilation efficiency and 

the occurrence of larval feeding than in the interspecific backcrosses, corroborating the effect 

of sample size on detecting QTL.  

 In any case, for assimilation efficiency, the number of chromosomes harboring QTL 

associated with phenotypic variation was remarkable similar: I found 11 chromosomes 

associated with interspecific differences between H. subflexa and H. virescens, and 12 

chromosomes associated with intraspecific differences within H. virescens. In both studies, I 

found some QTL with effects in the “wrong” direction: 3 interspecific and 6 intraspecific 

chromosomes contained QTL associated with phenotypes that were Hv-like rather than Hs-

like.    

For proportion of larvae feeding on Physalis, the overall number of chromosomes 

harboring QTL was again similar, but the pattern of effects was quite different. In the 

interspecific crosses, most chromosomes that harbored QTL had Hs-like effects, but in the 

intraspecific crosses, half of the chromosomes QTL with Hv-like effects. The explanation for 

this may lay in an overall difference between H. subflexa and H. virescens in the willingness 

of larvae to feed: previous studies have found that a surprisingly large percent of H. subflexa 

simply fail to initiate feeding, even on favored hosts (Bateman 2006; Sheck & Gould 1993; 

Laster 1982). It has been suggested (Forister et al. 2007) that one important distinction 

between generalists and specialists is that generalists are indiscriminate feeders while 

specialists feed only upon plants that they recognize as hosts. If this is true in my system, 

selection for adaptation to Physalis in my selection line H. virescens may have been 

accompanied by an overall decrease in willingness to feed that is unrelated to the particular 

host plant but reflective of a typical specialist phenotype. 

 



 

181 

Implications for evolutionary shifts in host use  

What implications do my results have for the evolution of host use? Given that many of the 

30 Heliothis autosomes were associated with variation in the use Physalis, it would seem that 

evolutionary shifts to use Physalis as a host would be difficult. When one considers the 

overall architecture of Physalis use, however, it appears that adaptation to this host may be a 

mosaic of many minor adaptive loci. Recent work in other insect herbivores (Forister et al. 

2007) has suggested that host plant use consists of a large number of genetically uncorrelated 

traits. In the H. subflexa / H. virescens system, it does not appear that major, saltational 

changes (as might be involved in cases where the novel host has novel toxins) are required 

for the use of Physalis by a non-adapted species like H. virescens.   

Indeed, strong selection in H. virescens for use of Physalis was sufficient to 

consolidate standing variation in H. virescens for the panoply of phenotypic traits 

contributing to use of Physalis. The response to selection H. virescens for survival and 

reproduction on Physalis was rapid and unconstrained. While the contribution of QTL from 

more than half of the 31 Heliothis chromosomes to intraspecific variation in Physalis use 

suggests that adaptation to a novel host cannot proceed as a single leap to a new adaptive 

peak, QTL effects were often additive and of equivalent effect. Thus, adaptation to this host 

may be a mosaic of many minor adaptive loci with incremental effects on the ability to use 

Physalis, allowing gradual adaptation to proceed and suggesting that such adaptation would 

be possible in the field.    

Although I do not yet know whether response to selection in H. virescens is based on 

the same chromosomes and QTL that are responsible for performance of H. subflexa on 

Physalis, I can now say that the genetic architecture of intra- and interspecific variation is 

quite similar. Although the complex nature of host plant use makes it unlikely that all (or 

even most) of the QTL responsible for adaptation to Physalis can be identified, it should be 

possible in the near future to determine whether variation within and between species in the 

ability to use Physalis are controlled by the same genetic regions.  
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Future directions 

The hypothesis that the genetic basis of Hs-like traits involved in using Physalis in H. 

virescens is the same as the genetic basis of such traits in H. subflexa remains to be tested.   

Homology of chromosomes harboring QTL within versus between species could be 

determined with the current mapping populations using chromosomal BAC-FISH (Sahara et 

al., 2007).   One would probe one of the Heliothis bacterial artificial chromosome (BAC) 

libraries with probes developed from inter versus intraspecific QTL markers and 

fluorescently label the BACs to which the probes hybridize with different fluorochromes for 

the intra- vs. interspecific markers.  In turn, one would use the labeled BACs as probes in 

fluorescent in situ hybridization (FISH) of pachytene nuclei prepared from ovaries or testes 

of last-instar larvae using a modified spreading procedure of Traut (1976) as described in 

Sahara et al. (2003).   Although four colors could be used so that two pairs on 

inter/intraspecific markers could be tested simultaneously, many chromosomal BAC-FISH 

would be needed to test chromosomal homology for the multiple QTL observed.  If BACs 

that harbored markers from inter vs. intraspecific QTL hybridized to different chromosomal 

locations, they are unlikely to be homologous.  If they hybridize to the same location, they 

are likely to be homologous.  

More precise homology would require two new mapping populations: (1) to generate 

a within-chromosome linkage map for interspecific hybrids, three generations of backcrosses 

would be done with hybrid females and a fourth generation (when male fertility would be 

restored) with hybrid males; (2) to generate a finer-scale linkage map within species, select 

within H. virescens for use of Physalis, cross and backcross selection and control lines, and 

assay ~2000 backcross progeny.  One would then map QTL in these populations.    

Many more markers could be developed with much less effort than AFLP by using 

modern sequencing technology, like the Illumina Genome Analyzer.  As with AFLP, one 

would develop a reduced representation library (RRL) of the genome using restriction 

enzymes, but one would then ligate the fragments to Illumina adaptors bar-coded by species.  

For example, combining an 8-bp enzyme with a 4-bp enzyme would produce about 5000 

fragments 200-400 bp long distributed across a genome the size of that of Heliothis 
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(~400Mb).  Paired-end sequencing of the ligated fragments on a single channel of an 

Illumina flowcell would provide 15-30 million reads of 228 bp of sequence at 1000x 

redundancy.  Interspecific comparison of these sequence data should provide about 10,000 

single nucleotide polymorphisms (SNPs) for mapping at the cost of $2000.  One could then 

genotype individuals on the same platform by using individual specific barcodes and running 

200 pooled samples per channel on 10 channels, which would cost $20,000.  This level of 

pooling samples would provide ~12x redundancy, which should be sufficient for SNP 

genotyping.  This density of markers, together with mapping populations of ~2000 backcross 

progeny, should allow to mapping to about 1 cM which is about the size of a single BAC.   

One could then use the chromosomal BAC-FISH described above, but homology could also 

be tested in several other ways.  For example, one could test whether any of the >60K 

expressed sequence tags (EST) now available for Heliothis where associated with these QTL.  

This could be done by comparing the Illumina sequences having SNPs associated with QTL 

to the EST sequences on GenBank.  

Another approach would involve comparing sequences of BACs identified from H. 

virescens and H. subflexa libraries.  One would probe the H. virescens and H. subflexa 

libraries with probes developed from the Illumina sequences surrounding SNPs flanking inter 

versus intraspecific QTL.   If the intra and interspecific probes hybridized to the same BACs 

in each species, this would suggest homology.   However, one could go further by shot-gun 

sequencing the BACs using next-generation technology.   Then one could test for differences 

between the sequences to determine homology and search for candidate genes.  If the inter 

and interspecific probes hybridized to different BACs in each species, they might still be 

homologous, but separated by one or more BACs.   To address this issue, physical maps of 

BAC contigs for each library would be needed.  These could be developed using restriction 

fingerprinting and BAC-end sequencing of each library.    

These new and emerging molecular techniques have the potential to move 

lepidopteran genetics beyond the limited world of model organisms and into one that better 

reflects the great diversity of lepidopteran biology. Unlike earlier insect model systems, 

existing research on Lepidoptera is deeply rooted in attempts to understand the evolution of 
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traits that allow insects to adapt to a variety of environments. The combination of the vast 

knowledge of the behavior, ecology and phylogeny of many species of Lepidoptera that has 

accumulated over the last half century with the rapidly expanding availability of cutting-edge 

genetic and genomic technologies promises exciting progress in our understanding of the 

genetic architecture of lepidopteran host ranges in the near future. 
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APPENDIX 



MseI primer 
name Primer sequence EcoRI  primer 

name Primer sequence

Core gATgAgTCCTgAgTAA Core gACTgCgTACCAATTC

M47 Core + CAA AAA Core + AAA

M48 Core + CAC AAC Core + AAC

M49 Core + CAg AAg Core + AAg

M50 Core + CAT AAT Core + AAT

M51 Core + CCA ACA Core + ACA

M52 Core + CCC ACC Core + ACC

M53 Core + CCg ACg Core + ACg

M54 Core + CCT ACT Core + ACT

M55 Core + CgA AgA Core + AgA

M56 Core + CgC AgC Core + AgC

M57 Core + Cgg Agg Core + Agg

M58 Core + CgT AgT Core + AgT

M59 Core + CTA ATA Core + ATA

M60 Core + CTC ATC Core + ATC

M61 Core + CTg ATg Core + ATg

M62 Core + CTT ATT Core + ATT
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Homologous 
Chromosome1  Locus2 VS07A VS07B VS07C1 VS07C2 VS07C3 VS01A VS01B

Vgcc Absent Absent Absent Absent Absent H01 H01

Cp5 B H01 Absent H01 Absent Absent Absent Absent

Cp5 A Absent Absent Absent Absent Absent H01 Absent

AAA55_120 H01 H01 H01 H01 H01 Absent Absent

AAA61_128 H01 H01 H01 H01 H01 Absent Absent

AAA61_204 H01 H01 H01 H01 H01 Absent Absent

AAg49_110 H01 H01 H01 H01 H01 H01 H01

ACC62_282 H01 Absent H01 H01 H01 Absent H01

ACg49_365 H01 H01 H01 H01 H01 H01 H01

ACT54_105 H01 H01 H01 H01 H01 Absent H01

ACT54_294 H01 H01 H01 H01 H01 Absent H01

AgC51_261 H01 H01 H01 H01 H01 H01 H01

ATC49_73 H01 H01 H01 H01 H01 H01 H01

ATC50_201 H01 H01 H01 H01 H01 H01 Absent

H01
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Homologous 
Chromosome1  Locus2 VS07A VS07B VS07C1 VS07C2 VS07C3 VS01A VS01B

AAA55_255 H02 Absent H02 Absent Absent Absent Absent

AAA55_69 H02 H02 H02 Absent Absent Absent Absent

AAA61_107 H02 H02 H02 H02 H02 H02 Absent

AAA61_166 H02 H02 H02 Absent H02 Absent Absent

AAA61_170 Unlinked H02 Unlinked Absent H02 Absent Absent

AAA61_184 H02 Absent H02 Absent Absent H02 Absent

AAA61_350 Absent H02 Absent Absent H02 Absent H02

AAC54_192 H02 Absent H02 Absent Absent H02 Absent

AAg49_227 H02 H02 H02 Absent H02 H02 H02

AAT49_399 H02 H02 Unlinked H02 H02 H02 H02

ACC49_108 H02 H02 H02 H02 H02 H02 H02

ACC62_174 H02 Absent H02 Absent Absent H02 Absent

ACg49_391 H02 Absent H02 H02 H02 H02 Absent

AgA57_246 Absent Absent Absent Absent Absent Absent H02

ATA59_242 H02 Absent H02 H02 H02 H02 Absent

ATA59_93 H02 Unlinked H02 H02 H06 H02 H02

ATC47_135 Absent H02 Absent Absent Absent H02 Absent

ATC47_175 H02 H02 H02 H02 H02 H02 H02

ATC47_315 H02 Absent H02 Absent Absent H02 Absent

ATC49_108 H02 Absent H02 H02 Absent H02 H02

ATC49_151 H02 H02 H02 H02 H02 H02 H02

ATC50_271 H02 H02 H02 H02 H02 Absent Absent

ATC54_124 H02 H02 H02 H02 H02 Absent Absent

ATC54_139 H02 H02 H02 Absent H02 H02 H02

ATC54_210 Absent Absent Absent Absent Absent Absent H02

H02
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Homologous 
Chromosome1  Locus2 VS07A VS07B VS07C1 VS07C2 VS07C3 VS01A VS01B

Cp11 H03 Absent H03 Absent Absent H03 H03

AAA61_123 Unlinked Absent Unlinked Absent Absent Absent H03

AAA61_85 H03 Absent Unlinked Absent Absent Absent Absent

AAC52_74 H03 H03 H03 H03 H03 H03 H03

AAC54_89 H03 H03 H03 H03 H03 H03 H03

AAg55_137 H03 H03 H03 H03 H03 Absent Absent

AAT49_144 H03 H03 Unlinked H03 H03 H03 H03

AgA57_147 H03 H03 H03 H03 H03 H03 H03

AgA57_182 Absent H03 Absent H03 H03 Absent H03

AgA57_275 H03 H03 H03 H03 H03 H03 H03

ATA59_135 Absent Absent Absent Unlinked Absent H03 H03

ATA59_319 Absent Absent Absent Absent Absent H03 Unlinked

ATC47_121 H03 H03 H03 H03 H03 H03 H03

ATC47_134 H03 H03 H03 Unlinked Absent Absent Absent

ATC47_83 H03 H03 H03 H03 H03 H03 H03

ATC49_116 H03 H03 H03 H03 H03 Absent Absent

ATC50_221 H03 H03 H03 H03 H03 Absent H03

ATC50_66 H03 H03 Unlinked H03 H03 Absent Absent

H03
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Homologous 
Chromosome1  Locus2 VS07A VS07B VS07C1 VS07C2 VS07C3 VS01A VS01B

Cr2 B H04 Absent H04 Absent Absent Absent Absent

Cr2 A Absent Absent Absent Absent Absent H04 H04

Cp4 Absent Absent Absent Absent Absent H04 H04

AAA55_145 H04 H04 H04 H04 H04 Absent H04

AAA55_149 H04 H04 H04 H04 H04 H04 H04

AAA61_136 H04 H04 H04 Unlinked H04 Absent H04

AAA61_226 H04 H04 H04 H04 H04 Absent Absent

ATA59_90 Unlinked Absent Unlinked H04 H04 H04 H04

ATC47_299 H04 H04 H04 H04 H04 H04 H04

ATC47_75 H04 H04 H04 H04 H04 Absent Absent

ATC49_161 H04 H04 H04 Absent Absent Absent H04

ATC54_75 H04 H04 H04 H04 H04 Absent H04

ATC54_84 Absent H04 H04 H04 H04 Absent H04

H04
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Homologous 
Chromosome1  Locus2 VS07A VS07B VS07C1 VS07C2 VS07C3 VS01A VS01B

Ddc Absent Absent Absent Absent Absent H05 H05

AAA55_246 Absent Absent H05 Absent H05 Absent Absent

AAA55_72 H05 Absent H05 H05 H05 H05 H05

AAA61_219 H05 Absent Unlinked Absent H05 Absent Absent

AAA61_242 H05 Absent Unlinked Absent Absent Absent Absent

AAg55_183 H05 Absent H05 Absent Absent Absent Absent

AAT49_125 Unlinked Absent Unlinked H05 Absent Absent Unlinked

AAT49_300 H05 H05 H05 H05 H05 H05 H05

AAT49_80 H05 Absent Unlinked Absent Absent Absent H05

ACC49_94 H05 H05 H05 H05 H05 H05 H05

ACT54_226 Absent Absent Absent Absent Absent Absent H05

AgC51_218 H05 H05 H05 H05 H05 H05 Absent

ATC47_198 H05 H05 H05 H05 H05 H05 H05

ATC49_158 Absent H05 Absent Absent Absent Absent Absent

ATC54_133 H05 H05 H05 H05 H05 Absent H05

H05
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Homologous 
Chromosome1  Locus2 VS07A VS07B VS07C1 VS07C2 VS07C3 VS01A VS01B

Dd23 H06 Absent H06 Absent Absent Absent Absent

Cp19 Absent Absent Absent Absent Absent H06 Absent

AAC54_144 H06 H06 H06 H06 Absent Absent H06

AAC54_152 Absent Absent Absent Absent Absent H06 Absent

AAC54_242 H06 H06 H06 H06 H06 H06 H06

AAC54_244 H06 H06 H06 H06 H06 H06 H06

AAC54_343 Absent Absent Absent Absent Absent H06 Absent

AAg49_87 Absent Absent Absent Absent Absent H06 Absent

ACC49_147 Absent Absent H06 H06 H06 H06 H06

ACC62_287 H06 H06 H06 H06 Absent Absent Absent

ACg49_216 H06 Absent H06 Absent Absent Absent Absent

ACg62_77 Absent Absent Absent Absent Absent H06 Absent

ACT54_114 Absent Absent H06 Absent Absent Absent Absent

ACT54_177 H06 H06 H06 H06 H06 Absent Absent

ACT54_189 H06 H06 H06 H06 H06 Absent H06

ACT54_191 H06 Absent H06 Absent Absent Absent Absent

ATA59_138 Absent Absent Absent Absent Absent H06 Absent

ATA59_210 H06 H06 H06 H06 H06 H06 H06

ATA59_374 Absent H06 Absent H06 H06 H06 H06

ATC50_103 Absent Absent Absent Absent Unlinked H06 Absent

ATC50_238 H06 H06 H06 H06 H06 Absent H06

ATC50_346 Absent Absent Absent Absent Absent H06 Absent

H06
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Homologous 
Chromosome1  Locus2 VS07A VS07B VS07C1 VS07C2 VS07C3 VS01A VS01B

Cp14 B H07 Absent H07 Absent Absent Absent Absent

Cp14 A Absent Absent Absent Absent Absent H07 H07

AAC54_395 H07 H07 H07 H07 H07 H07 Absent

AAg49_184 H07 H07 H07 H07 H07 Absent Absent

AAg49_289 H07 H07 H07 H07 H07 H07 H07

AAg55_315 H07 H07 H07 H07 H07 H07 H07

AAg55_392 Absent Absent Absent Absent Absent H07 Absent

AAT49_177 Absent Absent Absent H07 Absent Absent Absent

ACC62_164 H07 H07 H07 H07 H07 Absent H07

AgA57_98 H07 H07 Absent H07 H07 Absent H07

ATA59_155 Absent Absent Absent H07 Absent Absent H07

ATA59_176 H07 H07 Unlinked H07 Unlinked Absent Absent

ATA59_190 H07 H07 H07 Absent Absent Absent Absent

ATC47_140 Unlinked H07 Unlinked Absent Absent Absent Absent

ATC47_86 Absent Absent Absent Absent Absent H07 Absent

ATC50_206 Absent Absent H07 H07 Absent H07 H07

ATC54_205 H07 H07 H07 H07 H07 Absent H07

H07
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Homologous 
Chromosome1  Locus2 VS07A VS07B VS07C1 VS07C2 VS07C3 VS01A VS01B

Csp2 H08 Absent H08 Absent Absent Absent Absent

Csp1 Absent Absent Absent Absent Absent H08 H08

AAA55_176 H08 Absent H08 Absent H08 H08 H08

ACC62_97 Absent Absent Absent Absent Absent H08 Absent

ACg49_134 Absent Absent Absent H08 H08 H08 Absent

ACg62_190 H08 Absent H08 Absent Absent H08 H08

ACg62_207 Absent H08 Unlinked H08 H08 PA01 Absent

ACg62_216 H08 Absent H08 Absent H14 H08 H08

ACg62_404 Absent Absent H08 Absent H08 Unlinked Absent

AgC51_99 H08 H08 H08 H08 H08 Absent Unlinked

ATC47_127 Absent Absent Absent Absent H08 Absent Unlinked

ATC47_269 Unlinked Absent Unlinked Absent Absent H08 Absent

ATC50_123 Absent Absent H08 Absent H08 Absent Absent

ATC50_134 Absent Absent Absent Absent Absent H08 Absent

ATC50_314 Unlinked Unlinked Unlinked Unlinked H08 Absent Absent

H08
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Homologous 
Chromosome1  Locus2 VS07A VS07B VS07C1 VS07C2 VS07C3 VS01A VS01B

AAC54_130 H09 H09 H09 Absent Absent Absent H09

AAC54_148 H09 H09 H09 H09 H09 H09 H09

AAC54_217 H09 H09 H09 Absent Absent Absent H09

AAT49_131 Absent Absent Absent Absent Absent H09 Absent

AAT49_323 H09 H09 Unlinked Absent Absent H09 H09

ACC62_199 H09 Absent H09 H09 Absent Absent H09

ACg62_130 H09 H09 H09 H09 H09 H09 H09

ACg62_142 H09 H09 Unlinked Absent Absent Absent Absent

ACT54_152 Absent Absent Absent Absent Absent Absent H09

ACT54_253 Absent Absent Absent Absent Absent Absent H09

ACT54_257 H09 H09 H09 H09 H09 Absent Absent

ATA59_82 Unlinked H09 Unlinked H09 Unlinked Absent H09

ATC49_208 Absent H09 Absent Absent Absent Absent Absent

ATC50_117 Unlinked H09 Unlinked Absent H09 H06 Absent

ATC50_85 Unlinked Absent H09 H09 H09 Absent Absent

ATC54_119 H09 H09 H09 H09 H09 Absent Absent

H09
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Homologous 
Chromosome1  Locus2 VS07A VS07B VS07C1 VS07C2 VS07C3 VS01A VS01B

Cry1Ac Absent Absent Absent Absent Absent H10 H10
AAA55_278 Absent Absent Unlinked Absent Absent H10 Absent
AAA61_248 Absent H10 Absent H10 H10 H10 Absent
AAA61_84 Absent Absent H10 Absent Absent Absent Absent
AAC52_141 H10 Absent Unlinked Absent Absent Absent Unlinked
AAC52_181 Absent Absent H10 Absent Absent Absent Absent
AAC52_218 Absent Absent Absent Absent H10 H10 Absent
AAC52_231 H10 Absent H10 Absent Absent Absent Absent
AAC52_304 H10 Absent Unlinked Absent Absent Absent Unlinked
AAg55_205 Absent Absent H10 Absent Absent Absent Absent
AAg55_363 Unlinked Absent Unlinked Absent H10 H10 H10
AAT49_199 H10 Absent Unlinked H10 H10 Absent Absent
AAT49_316 H10 H10 H10 Absent Absent H10 H10
ACC49_130 Absent Absent H10 H10 H10 Unlinked H10
ACC62_187 H10 H10 H10 Absent Absent H10 H10
ACC62_93 H10 H10 H10 H10 H10 H10 H10
ACg49_249 H19 Absent Unlinked H10 Absent Absent Absent
ACg62_229 Absent H10 Absent Absent Absent Absent Absent
ACT54_136 H10 Absent H10 Absent Absent Absent H10
ACT54_161 H10 H10 H10 H10 H10 Absent H10
AgC51_203 H10 Absent Unlinked Absent H10 Absent H10
AgC51_85 Absent H10 Absent Absent Absent Absent Absent
ATA59_258 H10 Absent H10 H10 Absent Absent Absent
ATC47_341 H10 Absent H10 H10 Absent Absent H10
ATC49_224 Absent Absent Absent Absent Absent Absent H10
ATC49_239 Absent H10 Absent Absent Absent Absent Absent
ATC49_241 H10 Absent H10 H10 H10 H10 H10
ATC50_75 H10 Absent H10 Absent Absent Absent Absent

H10
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Homologous 
Chromosome1  Locus2 VS07A VS07B VS07C1 VS07C2 VS07C3 VS01A VS01B

AAA55_103 H11 Absent Absent H11 H11 H11 Absent

AAA61_150 H11 H11 H11 H11 H11 Absent H11

AAT49_406 H11 H11 Unlinked H11 H11 Absent Absent

ACT54_111 H11 H11 H11 Absent Absent H11 H11

ACT54_97 Unlinked Absent H11 H11 H11 Absent Absent

AgA57_75 H11 H11 Unlinked H11 H11 H11 H11

ATA59_149 H11 H11 H11 H11 H11 Absent H11

ATC47_107 Unlinked H11 H11 H11 H11 Absent Absent

ATC47_119 H11 H11 Unlinked H11 H11 Absent Absent

ATC47_166 Absent H11 H11 H11 H11 Absent Absent

ATC47_376 H11 H11 H11 H11 H11 Absent H11

ATC54_105 H11 H11 H11 H11 H11 H11 H11

Snmp H12 Absent H12 Absent Absent Absent Absent

AAA61_198 H12 Absent H12 H12 H12 Absent Absent

AAA61_270 H12 Absent H12 Absent Absent Absent Absent

AAA61_307 H12 H12 H12 H12 H12 H12 H12

AAA61_83 H12 Absent H12 Absent Absent H12 H12

AAC54_129 Absent H12 H12 H12 H12 H12 Absent

ACg49_145 H12 H12 H12 H12 H12 H12 H12

AgC51_210 H12 H12 H12 Absent Absent H12 H12

ATC54_154 Absent H12 Absent Absent Absent Absent Absent

H11

H12
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Homologous 
Chromosome1  Locus2 VS07A VS07B VS07C1 VS07C2 VS07C3 VS01A VS01B

Jhbp Absent Absent Absent Absent Absent H13 Absent

Ef1α H13 Absent H13 Absent Absent Absent Absent

AAA55_153 Absent Absent Absent Absent Absent Absent H13

AAA55_164 H13 Absent H13 Absent H13 Absent Absent

AAA61_126 H13 Absent Unlinked Absent Absent Absent Absent

AAC54_223 Absent Absent Absent Absent Absent Absent H13

AAg49_98 H13 H13 H13 H13 H13 Absent Absent

AAg55_211 Absent Absent Absent Absent Absent H13 Absent

ACC62_227 H13 H13 H13 H13 H13 H13 H13

ACg49_177 Absent Absent Absent Unlinked Absent Absent H13

ACg62_150 Unlinked H13 Unlinked Absent Absent Absent Absent

ACT54_228 H13 Absent H13 Absent H13 Absent H13

ACT54_279 Absent Absent Absent Absent Absent H13 Absent

AgA57_339 H13 H13 Unlinked H13 H13 H13 H13

ATA59_273 Absent Absent Absent Absent Absent H13 Absent

ATC50_126 Absent Absent Absent Absent Absent H13 Absent

ATC50_213 H13 H13 H13 H13 H13 Absent H13

H13
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Homologous 
Chromosome1  Locus2 VS07A VS07B VS07C1 VS07C2 VS07C3 VS01A VS01B

Cr18 H14 Absent H14 Absent Absent Absent Absent

AAA55_188 H14 Absent H14 Absent Absent Absent Absent

AAA61_175 Absent Absent H14 Absent Absent Absent Absent

AAC54_402 Absent Absent Absent Absent Absent Absent H14

AAg49_231 H14 H14 H14 H14 H14 H14 H14

ACC62_297 Unlinked Unlinked Unlinked Unlinked Unlinked Unlinked H14

ACg62_102 Absent H14 Absent Absent Absent Absent Absent

AgC51_312 Absent Absent Absent Absent Absent H14 Absent

ATA59_316 Absent Absent Absent Absent Absent Absent H14

ATC49_199 H14 H14 H14 H14 H14 H14 H14

ATC50_164 H14 H14 H14 H14 H14 Absent Absent

ATC50_349 Unlinked H14 H14 H14 H14 H14 H14

ATC54_345 Absent H14 Absent Absent Unlinked Absent H14

H14
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Homologous 
Chromosome1  Locus2 VS07A VS07B VS07C1 VS07C2 VS07C3 VS01A VS01B

AAA61_145 Unlinked H15 Unlinked Absent Absent Absent Absent
AAC54_74 H15 H15 H15 H15 H15 H15 Absent
AAg49_144 H15 H15 H15 H15 H15 H15 H15
AAg55_204 H15 Absent H15 H15 H15 H15 H15
AAg55_334 Absent H15 H15 H15 H15 Absent Absent
AAT49_110 Absent H15 Absent Absent Absent Absent Unlinked
AAT49_180 Absent Absent Absent Absent Absent Absent H15
AAT49_334 H15 H15 Unlinked H15 H15 Absent H15
AAT49_96 H15 Absent Unlinked H15 H15 Absent Absent
ACg49_437 H15 H15 H15 Absent Absent Absent H15
ATA59_118 H15 H15 H15 H15 H15 Absent Absent
ATC47_125 H15 H15 H15 H15 H15 Absent Absent
ATC49_194 Absent Absent Absent Absent Absent H15 Absent
AAC52_242 H16 H16 H16 H16 H16 H16 H16
ACC62_374 H16 Absent H16 H16 H16 Absent H16
ACT54_74 Absent H16 Absent H16 Absent Absent Absent
ACT54_90 Absent Absent Absent Absent Absent Absent H16
AgA57_219 H16 H16 H16 H16 H16 H16 H16
AgC51_423 H16 H16 H16 H16 H16 H16 H16
ATC47_163 H16 H16 Unlinked Unlinked Absent Absent Absent
ATC49_140 Absent Absent H16 Unlinked H16 Absent Absent
ATC50_242 H16 H16 H16 H16 Absent Unlinked Absent
ATC50_243 Absent Absent Absent Absent H16 H16 Absent
ATC54_104 H16 H16 H16 H16 H16 H16 H16
ATC54_81 H16 H16 H16 H16 H16 Absent H16

H15

H16
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Homologous 
Chromosome1  Locus2 VS07A VS07B VS07C1 VS07C2 VS07C3 VS01A VS01B

Vatp Absent Absent Absent Absent Absent H17 H17
AAA61_285 H17 H17 H17 H17 Absent Absent Absent
AAA61_298 H17 H17 H17 H17 H17 H17 H17
AAg49_91 Absent Absent H17 Absent Absent Absent Absent
AAT49_92 H17 H17 Unlinked H17 H17 Absent H17
ATA59_125 H17 H17 H17 H17 H17 Absent Absent
ATA59_129 Absent Absent Absent Absent Absent H17 H17
ATA59_142 Absent H17 Absent Absent Absent Absent H17
ATC47_325 H17 H17 H17 Absent Absent Absent Absent
ATC49_138 H17 H17 Unlinked Unlinked Unlinked H17 Unlinked
ATC54_170 H17 H17 H17 Absent Absent H17 H17
Cr12 H18 Absent H18 Absent Absent Absent Absent

AAC52_104 H18 Absent H18 Unlinked Unlinked H18 Absent
AAC54_254 H18 Absent H18 H18 H18 Absent Absent
AAC54_295 Absent Absent Absent Absent Absent Absent H18
AAg49_99 H18 H18 H18 H18 H18 Absent H18
AAT49_213 Unlinked Absent Unlinked Absent Absent H18 Absent
AAT49_229 Unlinked Absent Unlinked Absent Absent H18 Absent
ACC62_305 H18 H18 H18 H18 H18 H18 H18
ACT54_158 Absent H18 Absent H18 H18 Absent Absent
ACT54_241 Absent Absent Absent Absent Absent H18 Absent
AgA57_68 H18 H18 Unlinked H18 H18 Unlinked H18
AgC51_79 H18 H18 H18 H18 H18 Absent Absent
ATA59_275 H18 H18 Absent H18 H18 H18 Absent
ATA59_296 H18 H18 H18 Absent H18 Absent H18

H17

H18
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Homologous 
Chromosome1  Locus2 VS07A VS07B VS07C1 VS07C2 VS07C3 VS01A VS01B

AAA55_274 Unlinked H19 H19 Unlinked Unlinked H19 Absent
AAA61_214 H19 Absent H19 Absent Absent H19 Absent
AAC54_229 H19 H19 H19 Absent Absent H19 H19
AAg49_241 H19 Absent H19 Absent Absent Absent Absent
AAT49_157 H19 H19 Unlinked H19 Absent Absent Absent
ACC49_129 Absent H19 Absent Absent Absent Absent Absent
ACT54_200 H19 H19 H19 H19 H19 Absent H19
AgA57_112 Absent H19 Unlinked Absent Absent Absent H19
AgA57_80 H19 Absent H19 H19 H19 H19 Absent
AgC51_235 Absent H20 Absent Unlinked H19 Absent H19
ATA59_200 H19 H19 H19 H19 H19 Absent H19
ATC47_78 Unlinked H19 Unlinked H19 Absent Absent H19
ATC49_129 Absent Absent Absent Absent Absent Absent H19
ATC50_108 Absent H19 Absent Absent H19 H19 H19
ATC50_170 H19 H19 H19 H19 H19 Absent Absent
ATC50_92 Absent H19 Absent Absent Absent Absent H19
AAA55_217 Unlinked Absent Unlinked Absent Absent Absent H20
AAA55_218 H20 H20 H20 H20 H20 Absent Absent
AAg55_236 H20 H20 H20 H20 H20 H20 H20
AAg55_388 Absent Absent H20 H20 H20 Absent Absent
ACC62_168 H20 H20 H20 H20 H20 Unlinked H20
ACC62_80 H20 Unlinked Unlinked H20 H20 H20 H20
ACT54_79 Absent H20 Absent Absent Absent Absent H20
ATC50_156 H29 H20 Unlinked H20 Unlinked H20 Absent
ATC54_77 H20 H20 H20 H20 H20 Absent H20

H19

H20
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Homologous 
Chromosome1  Locus2 VS07A VS07B VS07C1 VS07C2 VS07C3 VS01A VS01B

AAA55_193 Absent Absent Absent Absent Absent Absent H21

AAA55_294 H21 H21 H21 H21 H21 H21 Absent

AAT49_230 Unlinked Absent Unlinked Absent Absent H21 Absent

AgC51_155 H21 H21 H21 H21 H21 Absent H21

AgC51_297 Absent Unlinked Absent Unlinked H21 H21 H21

ATC47_254 Absent Absent Absent H21 H21 H21 H21

ATC47_94 Absent Absent Absent Absent Absent Absent H21

ATC49_227 H21 H21 H21 H21 H21 H21 H21

ATC54_103 H21 H21 H21 H21 H21 H21 H21

AAC52_118 H22 H22 H22 H22 H22 H22 Absent

AAC54_167 Unlinked H22 Unlinked Unlinked H22 Absent Absent

AAg49_115 H22 H22 H22 H22 H22 H22 Absent

AAg55_172 H22 H22 H22 H22 H22 H22 H22

ATA59_174 Absent H22 Unlinked Absent H22 Absent Unlinked

ATC49_300 Absent Absent Absent Absent Absent Absent H22

ATC50_120 Absent Absent Absent Absent Absent Absent H22

H21

H22
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Homologous 
Chromosome1  Locus2 VS07A VS07B VS07C1 VS07C2 VS07C3 VS01A VS01B

Hscp Absent Absent Absent Absent Absent H23 H23

AAA55_109 H23 H23 H23 H23 H23 H23 H23

AAA55_214 H23 H23 H23 H23 H23 H23 H23

AAA55_309 H23 Absent H23 H23 H23 H23 H23

AAA55_329 Absent H23 Absent H23 H23 Absent H23

AAA61_143 H23 Absent H23 Absent Absent Absent Absent

AAA61_187 Unlinked H23 Unlinked Absent H23 Absent Absent

AAC52_84 Absent Absent Absent H23 Absent Absent Absent

AAC54_235 Unlinked H23 Unlinked Absent Absent Unlinked H23

AAC54_236 H02 H23 Unlinked H23 H23 H02 Absent

AAC54_327 Absent H23 Absent H23 H23 H23 Absent

AAg55_243 Absent Absent Absent Absent Absent Absent H23

ATA59_121 Absent Absent Absent Absent Absent H23 H23

ATA59_148 H23 H23 H23 H23 H23 H23 H23

ATC50_128 H23 H23 H23 H23 H23 Absent H23

ATC50_228 H23 H23 H23 H23 H23 H23 H23

ATC54_182 H23 H23 H23 H23 H23 Absent H23

H23
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Homologous 
Chromosome1  Locus2 VS07A VS07B VS07C1 VS07C2 VS07C3 VS01A VS01B

AAA61_167 H23 H23 Unlinked Absent Absent Absent Absent

AAA61_77 H24 Absent Unlinked Unlinked H05 Absent Absent

AAC54_251 H24 Absent Absent H24 H24 Absent Absent

AAg55_429 H24 H24 H24 Absent H24 H24 H24

ACg62_112 H24 Absent H24 Absent Absent Absent Absent

ACT54_87 Absent Absent Absent H24 H24 Absent Absent

AgC51_76 Absent H24 Absent Absent Absent Absent Absent

ATA59_103 H24 H24 H24 H24 H24 H24 Unlinked

ATA59_240 H24 H24 H24 H24 H24 H24 H24

ATC54_187 Absent Absent Absent H24 H24 Absent Absent

H24
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Homologous 
Chromosome1  Locus2 VS07A VS07B VS07C1 VS07C2 VS07C3 VS01A VS01B

AAA61_91 Absent H25 H25 H25 H25 Absent Absent

AAC52_101 Absent H25 Absent Absent H25 H25 H25

AAC54_82 Absent Absent H25 Absent Absent Absent Absent

AAg49_206 Absent Absent Absent H25 H25 H25 Absent

AAg49_294 H25 H25 H25 H25 H25 Absent H25

AAT49_173 Unlinked Absent H25 Absent Absent Absent H25

ACg49_80 H25 H25 H25 Absent H25 Absent Absent

ACg62_172 H25 Unlinked Unlinked Absent Absent H25 H25

ACg62_198 Absent Absent Absent Absent Unlinked Absent H25

ACT54_169 Absent Absent Absent Absent Absent Absent H25

ACT54_290 H25 Unlinked H25 Absent Absent H25 Absent

AgC51_249 Unlinked Absent Unlinked Absent H25 H25 H25

ATA59_299 Absent Absent Absent Absent Absent Absent H25

ATC54_217 Absent H25 Absent H25 H25 Absent H25

ATC54_237 Absent Absent Absent Absent Absent Absent H25

H25
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Homologous 
Chromosome1  Locus2 VS07A VS07B VS07C1 VS07C2 VS07C3 VS01A VS01B

AAA61_243 Unlinked Absent Unlinked Absent Absent H26 Absent

AAA61_266 Absent Absent Absent Absent Absent H26 H26

AAC52_256 H26 Absent Absent H26 H26 H26 H26

AAC54_156 H26 H26 H26 H26 H26 H26 Unlinked

AAC54_164 Absent Absent Absent Absent Absent Absent H26

AAC54_95 Absent Absent Absent Absent Absent H26 Unlinked

AAg49_162 H26 Absent H26 Absent Absent Absent Absent

ACC49_310 H26 H26 H26 H26 H26 H26 H26

ACg49_162 Absent Absent Absent H26 Absent H26 H26

ACg62_93 Absent H26 H26 H26 H26 H26 H26

ACT54_154 Absent Absent Absent Absent Absent H26 Absent

ACT54_96 Unlinked H26 H26 Absent H26 Absent Absent

AgC51_412 H26 H26 H26 H26 Absent Absent H26

ATC47_152 H26 H26 H26 H26 H26 Absent Absent

H26
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Homologous 
Chromosome1  Locus2 VS07A VS07B VS07C1 VS07C2 VS07C3 VS01A VS01B

Ryr Absent Absent Absent Absent Absent H27 H27

AAA61_277 Absent H27 H27 H27 Absent H27 H27

AAC54_63 Absent H27 H27 H27 Absent H27 H27

AAT49_101 H27 H27 H27 H27 Absent Absent H27

AAT49_114 H27 H27 H27 Absent Absent Absent H27

AAT49_332 Absent H27 Absent Absent Absent Absent Absent

AAT49_387 H27 Absent H27 H27 H27 Absent Absent

ACC49_86 H27 Absent Absent H27 H27 H27 H27

ACC62_113 H27 Absent H27 Absent Absent H27 Absent

AgC51_133 Absent H27 Absent Absent Absent Absent Absent

ATC49_86 Absent Absent H27 Absent H27 H27 Absent

ATC54_117 H27 Absent H27 H27 H27 Absent H27

H27
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Homologous 
Chromosome1  Locus2 VS07A VS07B VS07C1 VS07C2 VS07C3 VS01A VS01B

δ9 H28 Absent H28 Absent Absent Absent Absent

Abp2 Absent Absent Absent Absent Absent Absent H28

AAA55_192 H28 H28 H28 Absent Absent H28 H28

AAA55_235 Absent Absent H28 H28 H28 Absent Absent

AAA61_180 Unlinked Absent H28 Absent Absent Absent Absent

AAA61_385 H28 Absent H28 Absent Absent Absent Absent

AAC54_434 Absent H28 Unlinked Absent Absent Absent H28

ACC49_128 Absent Absent H28 H28 H28 Absent H19

ACC62_286 H28 H28 H28 H28 H28 H06 H28

ACC62_71 H28 H28 H28 Absent H28 H28 H28

ACg49_76 H28 H28 H28 H28 Absent Absent Absent

AgA57_198 H28 H28 H28 H28 H28 H28 H28

ATA59_109 Absent Absent Absent H28 Absent Absent Absent

ATA59_216 H28 H28 Unlinked Absent Absent H28 Absent

ATC47_109 H28 H28 H28 H28 H28 H28 H28

ATC47_303 Absent Absent Absent Absent Absent Absent H28

ATC54_307 H28 H28 H28 H28 H28 H28 H28

H28
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Homologous 
Chromosome1  Locus2 VS07A VS07B VS07C1 VS07C2 VS07C3 VS01A VS01B

RpL31 Absent Absent Absent Absent Absent H29 Absent

AAg49_397 H29 H29 H29 Absent H29 H29 H29

AAT49_234 H29 H29 Unlinked H29 H29 Absent Absent

ACC49_153 H29 H29 H29 Absent Absent Absent Absent

ACT54_95 H29 H29 H29 H29 H29 Absent Absent

AgC51_318 H29 H29 Unlinked Absent Absent Absent Absent

AgC51_321 H29 H29 H29 Absent H29 Absent H29

ATC49_308 Absent Absent Absent H29 H29 Absent Absent

ATC50_145 H29 Absent H29 Absent Unlinked Absent Absent

ATC50_188 H29 H29 H29 H29 H29 Absent Absent

Unlinked 59

1At  LOD ≥ 10, Recombination ≤ 0.05
2Locus name = EprimerMprimer_molecular weight of fragment

H29
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Linkage Group1 Locus2

AAC54_127

AAg52_135

ACg61_106

ATA61_124

AAT48_171

ACT62_97

AgA48_204

ATT62_185

ACA57_263

AgA48_144

AgT54_92

AAg57_280

AAT59_152

AAC48_266

ACg61_90

ATC56_118

ATC57_118

ATT61_199

ATT61_292

ATT62_131

Lg01

Lg02

Lg03

Lg04
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Linkage Group1 Locus2

AAC48_123

ACA57_108

AgA56_125

AgA57_125

AgT58_89

ATT51_344

ACA53_130

AgA58_264

AgT54_248

AAT59_312

AgT54_194

ATA54_349

ATT51_98

AAC50_133

AAC50_224

AAT49_73

AgT54_266

ATT59_76

AAC54_166

AAT48_80

AAT59_166

ATT59_208

Lg05

Lg06

Lg07

Lg08

Lg09
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Linkage Group1 Locus2

AAC54_209

AAT49_95

AgA48_147

AgA56_223

AgA57_223

ATA54_270

ATT59_293

ATT62_202

ACA53_186

ACg61_70

ACT54_230

ACT62_249

ATA61_337

ATT51_77

ATT59_110

AAA49_128

AAC47_159

AAg52_94

ACA57_162

AgA56_123

AgA57_123

ATA54_281

ATT61_174

Lg11

Lg12

Lg10
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Linkage Group1 Locus2

AAg57_390

AAT48_180

AAT49_150

ACA57_184

AgT54_204

ATA53_102

ATC56_321

ATC57_321

ATT62_226

AAC47_111

AAC50_68

AAC54_286

AAT59_262

ACT62_139

ATA54_145

ATT51_309

ATT61_186

ATT62_263

Lg13

Lg14
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Linkage Group1 Locus2

AAC48_297

AAT49_175

AgC48_315

AgT54_200

AgT54_264

AgT57_219

ATA53_171

ATA61_340

ATT61_82

ATT59_145

ATT61_304

AAA49_123

AAC47_109

AAC50_143

AAT49_328

AAT59_228

AgA58_301

ATA54_354

Lg15

Lg16
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Linkage Group1 Locus2

AAC50_175

AAC50_286

AAC54_259

AAT48_322

AAT49_83

AgA48_267

ATT51_158

ATT59_115

ATT59_275

ATT62_103

AAC47_268

AAC50_119

AAC50_185

ACg61_214

AgT54_84

ATA53_188

ATC56_241

ATT51_138

ATT59_93

ATT62_78

Lg17

Lg18
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Linkage Group1 Locus2

AAA49_168

AAC50_82

AAg52_129

AAT48_94

AAT49_241

ACT54_115

ACT62_303

AgA48_374

ATA61_121

ATC56_214

ATT59_238

ATT62_403

AAC50_270

AAC50_76

AAT48_398

ACA53_131

ACA53_98

ACT54_278

ATA54_123

ATA54_138

ATA54_375

ATC56_194

ATC57_194

ATC62_176

ATC62_209

Lg19

Lg20
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Linkage Group1 Locus2

AAC47_207

AgT58_132

ATA54_143

ATC62_421

AAC54_322

AAT48_130

ACT54_187

ACT62_145

ACT62_213

AgT54_359

ATT51_143

ATT61_69

Lg21

Lg22
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Linkage Group1 Locus2

AAA49_270

AAA49_94

AAC47_134

AAC47_70

AAC48_250

AAC50_340

AAC54_173

AAC54_88

AAT48_199

ACA53_367

AgA58_236

ATC56_126

ATC56_158

ATC57_158

ATT61_212

Lg23
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Linkage Group1 Locus2

AAC47_214

AAg52_149

AAg57_82

AAT48_216

ACg61_91

AgA48_132

AgT57_381

AAC48_181

AAT48_263

AgA56_294

AgA57_294

AAA49_80

AgT54_268

ATA54_77

ATA54_92

Lg25

Lg26

Lg24
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Linkage Group1 Locus2

AAg52_76

AgA58_271

ATA53_126

AAC54_122

AAT59_137

ACA57_322

ATA61_276

ATC62_181

AAA49_194

ACT54_154

AAT48_79

ATT61_68

Lg27

Lg28

Lg29

Lg30
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Linkage Group1 Locus2

AAC50_132

AAT48_156

AAT59_195

AgA48_79

AgA56_175

AgC48_187

AgT57_139

ATA54_170

ATT61_165

AAA60_155

AAT49_81

AAT59_138

AAT59_320

ACA53_103

ACg61_114

ACT54_144

ACT54_175

AgA48_113

AgA56_167

ATA53_83

ATA54_125

ATA61_73

Unlinked 96

LgZ4

2Locus name = EprimerMprimer_molecular weight of fragment

LgW3

3Female sex chromosome, only detectable in HvSF
4Male sex chromosome, only detectable in HvSM1 and HvSM2

1At  LOD � 10, Recombination � 0.05
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